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Abstract 
The endometrial epithelium has the ability of absorbing and secreting electrolytes 
which in turn drive water movement according to the osmotic gradient. These transport 
activities allow the formation of uterine fluid which is optimal for sperm movement and 
capacitation，embryo development and implantation. Ion channels are a part of the 
transport system which is responsible for creating such an uterus fluid environment. 
However, endometrial ion channels as well as their regulation remain poorly understood. 
Adrenaline, prostaglandin (PG) E2 and PGF2a have been previously demonstrated 
to stimulate cAMP-dependent anion secretion by endometrial epithelium. However, the 
type of ion channels involved has not been characterized. In the present study, whole-cell 
patch-clamp experiments were conducted to characterize the whole-cell currents induced 
by the above mentioned neurohormonal agents. The current exhibited a time and voltage 
independency with a linear I-V relationship, reversed at the equilibrium potential of C1', 
possessed an anion selectivity sequence of NO3" > Br' > C1" > 1", and were sensitive to 
DPC. These electrophysiological properties were consistent with those reported for cystic 
fibrosis transmembrane conductance regulator (CFTR) in many epithelia. Together with 
the RT-PCR result showing the expression of CFTR in endometrial cells, the present 
study indicates the convergence of adrenaline, PGE2 and PGF2a on the same cAMP-
dependent Cr conductance, presumably CFTR, in mouse endometrial epithelial cells. 
i 
Previous studies have demonstrated that the mouse endometrial epithelium 
exhibits substantial Na+ absorption under basal condition but becomes predominantly C1' 
secretion upon stimulation. The present study investigated the possible mechanism 
governing the switching between these two opposite processes by examining possible 
interaction between CFTR and epithelial sodium channels (ENaC). Short-circuit current 
(/sc) experiments showed that activation of CFTR by forskolin resulted in attenuation of 
the amiloride-sensitive /sc. On the other hand, an inverse relationship between the level of 
amiloride-sensitive current and the magnitude of the CFTR-mediated /sc was observed 
when culture conditions were altered to enhance ENaC expression, indicating possible 
suppression of CFTR by enhanced ENaC expression. Thus, these data suggest an 
interaction between CFTR and ENaC in the endometrial epithelial cells. 
The present study has also explored the conductance pathway activated by the 
UDP-sensitive pyrimidinoceptors in mouse endometrial epithelial cells. Cross-
desensitization experiments using the short-circuit current and whole-cell patch-clamp 
techniques showed minimal cross-desensitization between ATP and XJDP suggesting the 
presence of the UDP-sensitive pyrimidinoceptors in addition to P2Y2 (P2u) receptors in 
endometrial cells. Similar to the ATP-activated whole-cell current, the UDP-evoked 
outwardly rectifying whole-cell current reversed at the C1' equilibrium potential, exhibited 
delayed activation and inactivation at depolarizing and hyperpolarizing voltages, 
respectively, and was inhibited by DK)S, indicating the activation of Ca^^-dependent C1" 
conductance. 
ii 
Taken together, the present study has demonstrated the involvement of several 
ion channels, namely CFTR, Ca^^-activated C1" channels and ENaC in mediating 
neurohormonal regulation of absorptive and secretory activities in the mouse endometrial 
epithelium. ATP and UDP evoked Ca^^-activated C1" channels via distinct P2Y2 and 
pyrimidinoceptors, respectively, while the action of adrenaline, PGE2 and PGF2a 
converges on CFTR. In addition, the present study indicates an interaction between 
CFTR and ENaC which may be responsible for balancing Na+ absorption and C1" 
secretion across mouse endometrial epithelium. The interplay between different receptors 












關係、反转电位是氯离子的平衡电位、對陰離子的選擇次序為MV > Br- > 
C r > r,以及能夠被DPC阻斷。以上的電生理特徵均與其他上皮細胞表達 
的囊性纤维变性跨膜转导调节器（CFTR)特性不謀而合，再加上逆转录一聚合 
酶连锁反应（RT-PCR)的分析結果表示子宫内膜上皮確有CFTR的表达，我们 
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1 Introduction 
1.1 The Human Endometrium 
1.1.1 The Structure of the Endometrium 
The endometrium is the mucous lining of the uterine cavity. It can be 
distinguished into two layers: a narrow, deep layer named basalis which firmly 
attached to the underlying myometrium and a wide superficial layer called fimctionalis 
(Fig. 1.1). The fimctionalis is shed as menses during menstrual cycle whereas the 
basalis regenerates after the cycle. The endometrium is composed of a simple luminal 
columnar secretory epithelium overlying a connective tissue, stroma. The stromal cells 
are spindle in shape andjoin to one another in a meshwork of reticular fibres and fine 
collagenous fibres. Some areas of the epithelium diverted and coiled into the deep 
portion of the stroma to form long tubular glands which can only be seen in cross 
sections (Fig 1.1). 
1.1.2 Cyclic Changes in the Endometrium 
The normal cyclic changes of the endometrium are strongly coupled to the 
ovarian function which is under the control of anterior pituitary hormone, luteal 
hormone (LH) and follicle stimulating hormone (FSH), secretions (Fig. 1.2). The 
cyclic activity in non-pregnancy is divided into three phases: a proliferative, a 
secretory and a menstrual phase. The proliferative and secretory phases correspond to 
the follicular phase and luteal phase of the ovarian cycle, respectively. 
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Fig. 1.1 Sectional view of the human endometrium. 
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Fig. 1.2 Menstrual cycle as controlled by the ovarian hormones. 
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The thickness of endometrium varies from 1 mm to about 8 mm during 
menstrual cycle. During proliferative phase, the mucosa doubles in thickness with 
elongation of uterine glands and spiral artery development along with the effect of 
oestrogen. This phase normally lasts two weeks. Ovulation of the follicle indicates the 
onset of secretory phase which corresponds to the luteal phase of the ovarian cycle. In 
the early luteal phase, the endometrium continuous to thicken under the influence of 
progesterone which is secreted by the corpus luteum. The luteal phase generally lasts 
14 days. If pregnancy does not take place, oestrogen and progesterone levels fall, 
triggering the reduction in endometrial thickness associated with sloughing of the 
upper layer of tissue at menstruation (Fig. 1.2). 
It is commonly believed that these cyclic changes help to prepare the 
endometrium for sperm movement as well as nurture and implantation of the 
blastocyst. Recently, novel views to the need of menstrual cycle in menstruating 
primates had been put forward by Profet and Strassmann (Profet, 1993; Strassmann, 
1996). According to Profet, menstruation helps to protect the uterus and oviducts 
from pathogens transported by sperms. He proposed that menstruation dislodged 
infected endometrial tissue and regenerated endometrial functionalis to deliver 
immune cells to the uterine cavity. Strassmann approached this from a different point 
of view, he suggested that menstrual cycling is a energy saving process. In accordance 
to Strassmann, it costs less in renewal the endometrial blood and nutrient supply than 
in maintaining the endometrium in the metabolically active state for implantation. 
4 
1.1.3 Physiological Roles of the Endometrium 
The endometrium plays an important role in reproduction. It provides the 
environment for the successful implantation and development of the blastocyst. A 
well-prepared endometrial cavity for successful blastocyst implantation is achieved by 
the precise coordination with the sequence and timing of oestrogen and progesterone 
action on the endometrium. 
1.1.4 Roles of Luminal Epithelium in Implantation 
Before attachment, the blastocyst floats freely in the uterine lumen, but in 
close contact with the surface of the epithelium. The luminal fluids convey many 
signals between the endometrium and the blastocyst. At the same time, they provide a 
compatible ambient for the blastocyst growth. The metabolism of the trophoblast cell 
increases and this is brought about by the changes in proteins, enzymes, electrolytes 
and carbohydrates secretion of the epithelium (Aitken, 1979; Bazer et al., 1978; 
Edwards & Surani, 1978; Nilsson & Ljung，1985; Van Blerkom et al., 1979). Early 
experiments on delayed implantation showed that the endometrial epithelium is 
capable of keeping the blastocyst inactive but alive for long periods (Dickmann, 
1969). Hence, it is little doubt that the endometrial epithelial secretions play a crucial 
role in blastocyst implantation. 
The endometrial epithelial cells are able to transmit signals to stroma since 
decidulization, a process that the fibroblast-like stromal cell differentiates to a large 
polyhedral cell which is rich in glycogen and lipid. Decidulization occurred while the 
epithelium is intact (Glasser, 1972; Glasser & Clark，1975). Besides, the uterine 
5 
epithelia also assist the blastocyst in removing the zona pellucida during implantation 
(Dickmann, 1969). However, apart from the above mentioned functional roles, is the 
uterine epithelium a barrier to blastocyst invasion? Studies showed that the epithelial 
cells in the specialized endometrial zone responded to the blastocyst and programmed 
to die at the appropriate time (Cowell, 1969). 
1.1.5 Exocrine Functions of the Endometrial Epithelium 
In order to provide an optimal fluid environment for sperm movement and 
blastocyst growth, the endometrial epithelial cells must be responsible for the 
exchange of nutrients, electrolytes, fluids and hormones with the circulatory system. 
In fact, the endometrial epithelium is capable of secreting and absorbing a number a 
micromolecules such as prolatin, uteroglobin, uteroferrin, taurine and some high 
molecular weight glycoproteins. The process are coupled to the menstrual cycle, or 
more exactly, to oestrogen and progesterone. For instance, uteroglobin and 
uteroferrin were demonstrated to be induced by progesterone. 
Furthermore, the endometrial epithelium regulates electrolytes and water 
transport. The concentration of K^ was found to be under hormonal control. It was 
shown that after endogenous or exogenous stimulation of oestrogen, luminal K+ 
concentration was 5 times greater than that of the plasma (Levin & Edwards，1968). 
This elevated concentration of K+ in uterine lumen (or oviduct fluid) was thought to 
play an assisting roles in sperm capacitation, acrosome of sperm, sperm-egg fusion 
and blastocyst implantation. 
6 
The concentration of some crucial electrolytes in the uterine lumen is quite 
different from that in the plasma. Casslen and Nilsson demonstrated that the 
concentrations ofNa+ and Ca�+ were lower in uterine fluid than in serum in contrast to 
the K+ concentration which was higher in the plasma (Casslen & Mlsson, 1984). 
Besides, an elevated C1" concentration has been observed in the rat during blastocyst 
implantation (Nilsson & Ljung, 1985). In addition, uterine fluid was found to have 
over two-fold HCO3" concentration than that in plasma. This high HCOs' content may 
account for the high pH value in the uterus of rabbit (Vishwakarma, 1962) and the rat 
(Blandau et al., 1958). The pH value can affect sperm viability and such an uterine 
environment is vital for normal functions of sperm and embryo. It has been 
demonstrated that HCO3" is one of the major factors promoting sperm capacitation as 
well as blastocysts growth and differentiation (Aitken et al., 1999; Visconti et al., 
1999). The concentration difference between uterine fluid and plasma suggests that 
ions are actively transported across the endometrial epithelial cells. 
Just before the onset of implantation, luminal epithelial absorption of fluid and 
electrolytes increase (Clemetson et al., 1977). This phenomenon coincided with that 
found in the luteal phase where luminal absorption of water and sodium increased and 
the luminal volume decreased correspondingly (Clemetson et al‘, 1977). This 
synchronous changes of luminal fluid compartments with the onset of implantation 
seemed to aim at reducing the mobility of the blastocyst in the uterine cavity such that 
implantation at the appropriate site was guaranteed. 
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Therefore, the endometrial epithelium has the ability to regulate uterine fluid 
environment and yet the underlying mechanisms remain largely unknown. 
1.2 Review of Epithelial Ion Channels 
All epithelial cells show compositional variations, or in other words polarity, in 
cell surface among apical, basal, and lateral domains. The endometrial epithelial cells 
are not exceptional. These compositional variations mirror functional differences. For 
endometrial epithelial cells, the apical domain is involved in the uptake of nutrients, 
ions and water, the secretion towards the uterine lumen, and the interactions with the 
embryo. The basal domain is responsible for confining the cell to the underlying 
matrix and receiving signals from the stroma. The lateral domain is responsible for 
adhering neighbouring cells within the epithelium. Compositional differences between 
apical and basolateral domains are preserved by tight junctions, which prevent the 
exchange of membrane glycoproteins and glycolipid (Griepp et al.’ 1983; Pinto da 
Silva&Kachar, 1982). 
The net transport of solute across the epithelia requires a driving force and a 
transport pathway. Two types of driving force are involved in the membrane 
transport, namely electrochemical potential difference and energy-dependent active 
transport. The electrochemical potential difference for an ion is established by the 
concentration gradient for the ion and the difference in electrical potential that exists 
between the two compartments. The energy-dependent active transport is achieved by 
certain chemical reactions such as ATP hydrolysis. The direction of net transport is 
determined by the direction of the overall driving force. The system reaches 
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equilibrium when there is no net driving force exerting its effect on the transport 
pathway. 
1.2.1 Epithelial Na+ Channels (ENaC) in Absorbing Epithelia 
The earliest report for the transepithelial Na+ transport must be dated back to 
1951 when Ussing studied the active Na+ transport across the isolated frog skin using 
short-circuit current technique (Ussing & Zerahn, 1951). Ussing viewed the epithelia 
as two membranes (apical and basolateral) arranged in series and separated by 
cytoplasmic compartment. In general, Na+ concentration is high in the extracellular 
compartment and low inside the cytoplasm. This generates a driving force for Na+ to 
transport down the electrochemical gradient through the apical Na+ channels. At 
electrochemical equilibrium, the potential difference for Na+, denoted as ^Na, is given 
by Nernst equation provided that the channel is highly permeable to Na+: 
、 = 1 ^ 舍 
where R is the gas constant (8.3143 J mol] K—!)，T is the absolute temperature, Z is 
the valence of ion species, F is the Faraday constant (96485 C mol'^) and Co and C\ 
are the concentrations of the extracellular and intracellular compartments, 
respectively. Nernst equation suggests that for a 10-fold Na+ concentration gradient, 
just as the one normally exists across the plasma membrane, an electric driving force 
of 60 mV is required to bring Na+ to electrochemical equilibrium. The ideal Nernst 
potential reflects the channel selectivity to ions. The reversal potential is equal to the 
Nemst potential of one ion species provided that the channel is perfectly selective to 
that ion. 
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Na+ concentration gradient is established by the Na+-K+ pump which actively 
pumps 3 Na+ out from the cell and 2 K+ into the cell. This creates an electrochemical 
gradient for Na+ reabsorption. The excess K+ entering the cell is recycled through the 
basolateral K+ channel (Fig. 1.3). Consequently, Na^ concentration is kept low and K+ 
concentration high as relative to the extracellular fluid compartment. Under this 
circumstance, the epithelia establish a transepithelial potential difference with apical 
being negative with respect to the basolateral membrane. This polarized arrangement 
of ion channels and transporter allows physiological Na+ reabsorption which results in 
a net transport of Na+ from apical to basolateral compartment of the epithelia. More 
importantly, this accumulation of Na+ on the basolateral compartment generates an 
osmotic gradient for the movement of water from apical to basolateral side of the 
epithelia. Fig. 1.3 shows the model ofNa+ absorption in tight epithelia. 
In some ieaky' epithelia, epithelia which exhibit relatively small 
transmembrane potential differences, C1" passively move downhill the transepithelial 
electrical gradient, which is generated by the active Na+ absorption, through the tight 
junction (Fromter, 1972; Guggino et al., 1982). The reason for the relative small 
transmembrane potential these epithelia possessed is because the positive 
transepithelial electrical potential difference generated by Na+ absorption is shunted by 
parallel C1" transport (Fig. 1.4A). This kind of epithelia is capable of reabsorbing NaCl 
from lumen to blood. Similarly, the transport of NaCl to basolateral fluid 
compartment results in the imbalance of osmotic pressure and the drawing of water 
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down the osmotic gradient. Equivalent circuit diagram with this C1' shunt pathway is 
shown in Fig. 1.4B. 
1.2.2 Epithelial C1 Channels in Secretory Epithelia 
The function of C1" channels in epithelial cells can be either absorption or 
secretion depending on in which membrane, apical or basolateral, C1' channels are 
expressed. Chloride channels are expressed at the apical membranes of the secretory 
epithelia. A variety of hormones and neurotransmitters, such as prostaglandin E2, 
adrenaline and ATP, are known regulators of C1" channels (Greger & Kunzelmann, 
1990). 
Chloride secretion was proposed to be coupled to the secondary active 
transporter, Na+-K+-2Cr co-transporter, which is located at the basolateral membrane 
(Silva et al., 1977). The electrochemical Na+ gradient generated by the Na+-K+_ 
ATPase across the plasma membrane is used to drive the Na+-K+-2Cr symport. As 
illustrated in Fig. 1.5A, the downhill movement ofNa+ is used to drive the movement 
of Cr into the cell. This accumulates excess C1' in the cytoplasm. When the apical C1" 
channel is open, C1" can move down the concentration gradient to the lumen. The 
excess negative charges accumulated in the apical compartment is neutralized by a 
flow of Na+ from blood to lumen through the tight junction. Here the basolateral K+ 
channels appear to complete the current loop. The end result is the flow of water from 
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14 
The better-known epithelial C1" channels are cystic fibrosis transmembrane 
conductance regulators (CFTR) which is an cAMP-regulated C1" channel, Ca�+-
dependent C1" channels and volume-sensitive C1" channels. 
1.2.3 Na+and C1 Channels in Endometrial Epithelia 
The endometrial epithelium is capable of secreting and absorbing electrolytes 
and water. Under unstimulated condition, the epithelia undergo reabsorption of Na+ 
from lumen to blood (Chan et al., 1997a; Matthews et al., 1992a). While upon 
hormonal stimulation, the epithelia tend to secrete anions from serosal side to luminal 
side (Chan et al., 1997a; Chan et al., 1997a; Chan et al,, 1997c; Levin & Phillips, 
1983; Levin & Scargill, 1987; Levin & Sebkhi, 1989; Sebkhi & Levin, 1990). To 
achieve this dual properties of Na+ reabsorption and anion secretion under non-
stimulated and stimulated condition, respectively, the endometrial epithelia ought to 
have both Na+ and anion channels on the apical side of plasma membrane. The 
electrolyte transport model and equivalent circuit of endometrial epithelial cells can be 
represented by Fig. 1.6. 
1.3 Review of the Intracellular Signal Transduction Pathways 
Two major intracellular mediators, cAMP and Ca】+，are involved in the 
regulation of anion channels upon stimulation of receptors by agonists. The signal 
transduction pathway utilized these second messengers are briefed as follow. 
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1.3.1 The cAMP-Mediated Signal Transduction Pathway 
When the agonist binds to the receptor, the agonist-receptor complex activates 
a class ofguanine nucleotide regulatory protein (or G protein in short), stimulatory G 
protein (Gs). Same as other G proteins, Gs protein has 3 subunits: a, p and y. In the 
inactive state, a subunit binds to guanosine diphosphate (GDP). Upon activation, the 
agonist-receptor complex catalysts the binding of a subunit to intracellular guanosine 
triphosphate (GTP) and causes the dissociation from GDP, p and y subunits (Fig. 1.7) 
(Taylor, 1990). The a-GTP complex then activates the membrane bound adenylate 
cyclase which catalysts the conversion of ATP to cyclic AMP. This is followed by the 
activation of a cAMP-dependent protein kinase (PKA) (Greengard, 1978; Kuo & 
Greengard, 1969) which phosphorylates the specific cell proteins, in this case, the ion 
channels, by transferring phosphate from the intracellular ATP to the protein (Levitan, 
1988). The ion channels respond to the phosphorylation by increasing the open 
probability (Levitan, 1985) (Fig. 1.8). Finally, the agonists activity were shut off 
intrinsically by GTPase which catalyses a-GTP complex back to inactive state, Gs-
GDP. 
1.3.2 The cAMP-Mediated Chloride Channels in Epithelial Cells 
The most well-known cAMP-activated epithelial chloride channels is Cystic 
Fibrosis Transmembrane Conductance Regulator (CFTR), which is widely expressed 
in apical membranes of epithelial cells of organs exhibit exocrine functions such as 
tracheal epithelia, intestinal epithelia, pancreatic duct, sweat gland and male 
reproductive tract (Welsh, 1996). 
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CFTR exhibits some unique electrophysiological properties which can be used 
to distinguish it from other ion channels. First of all, it is a small conductance ion 
channel with a linear I-V relationship. Its single channel conductance ranges between 
7 and 10 pS. One of the hallmarks of CFTR is its anion selectivity sequence ofBr' > 
Cr > r (Anderson & Welsh, 1991; Cliff& Frizzell, 1990; Fuller & Benos, 1992). In 
addition, CFTR is blocked by dipheylamine-2-carboxylic acid (DPC) and 
glibenclamide but not by DEDS (Fuller & Benos, 1992; Sheppard & Welsh, 1992). 
The mutation of CFTR gene on chromosome 7 is intimately linked to cystic 
fibrosis (CF) which is a common lethal genetic disease in the Caucasian population. 
CF is characterized by a wide spectrum of clinical manifestations, including 
respiratory failure, intestinal disease, pancreatic disorder and infertility. The common 
problem of CF patients is the abnormalities in C1' secretion and as a result of the 
decrease in fluid secretion in the epithelial cells. Ultimately, the ductal glands are 
blocked by thick secretions. Bacteria infections or even irreversible damages to ductal 
systems arise if the thick mucus secretions are not cleared. 
It was found that CFTR are present in both normal and CF cells. Hence, the 
defective C1' transport in CF cells is not due to the lack of CFTR but rather the 
malfunction of CFTR channel. Besides, the intracellular cAMP level increases in CF 
cells upon agonists stimulation. Thus, it must be the defect of CFTR channels which 
do not respond to cAMP stimulation (Shoumacher et al., 1986). 
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1.3.3 Ca -Dependent Signal Transduction Pathway 
Apart from cAMP, agonist-induced cytosolic free Ca�+ also act as a second 
messenger in the regulation of cell functions. The mechanism involves the breakdown 
of a membrane lipid. Similar to cAMP pathway, the binding of agonist to receptor 
activates a series of Gp proteins (p stands for phospholipid) such as Gi and Gq protein. 
Gp protein coupled to membrane-bound phospholipase C. Phospholipase C then 
initiates the hydrolysis of a membrane lipid, phosphatidylinositol 4,5-diphosphate, into 
inositol 1,4,5-triphosphate (H^) and diacylglycerol (DAG). DAG activates protein 
kinase C (PKC) while W3 triggers the release of Ca:+ from internal stores. PKC and 
Ca2+ eventually act as a second messenger in mediating the cell response. 
In many epithelia, intracellular Ca�+ binds to calmodulin and phosphorylates 
the cell protein, here, ion channels, and give rise to the acute physiological effect of 
the agonist (Donowitz et al.’ 1984; Schultz & Zalusky, 1964). Alternatively, the Ca�+ 
can directly bind to the ion channels and induce a conformational change of channel 
protein as a result of increasing the open channel probability. Channels which are 
directly activated by Ca]+ include K+ channels, C1" channels and non-selective cation 
channels (Partridge & Swandulla, 1988). On the other hand, DAG functions by 
stimulating protein kinase C which transducts the intracellular signals from external 
stimuli and phosphorylates membrane proteins, ion channels (Nishizuka, 1988). The 
phosphatidylinositol pathway is illustrated in Fig. 1.9. 
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1.4 Physiological Roles of some Neurohormonal Agents in Uterine 
Functions: Selected Examples 
As emphasised constantly in this study, critical uterine fluid environment is 
necessary for the sperm movement and capacitation, blastocyst development and 
implantation. It is no doubt that the uterine fluid compartments are under 
neurohormonal control. However, there is a paucity of studies on neurohormonal-
regulated endometrial epithelial electrolytes and water transport. In the following 
paragraph, let us review some earlier studies on the roles of adrenaline and 
prostaglandins on the endometrial epithelial ion transport. In addition, attention will 
be paid to discuss some possible roles of nucleotides in the regulation of endometrial 
ion transport. 
1.4.1 Roles of Adrenaline on the Endometrial Ion Transport 
Adrenaline is synthesized in the adrenal medulla. It has a wide spectrum of 
functions in brain, heart, lung, liver, uterus, other organs and tissues. It stimulates a -
adrenoceptors when introduces at high concentration but predominantly on P_ 
adrenoceptors at low doses. In the uterus, much attentions are paid to the roles of 
adrenaline in uterine contractility perhaps simply because these phenomenons are 
visible. 
Actually, adrenaline was implicated in the regulation of anion secretion in a 
number of epithelial cells. Earlier studies on rat endometrial epithelium showed that 
adrenaline increases the short-circuit current in vitro and the transepithelial potential 
difference in vivo (Levin & Phillips, 1983). This adrenaline-induced /sc was mediated 
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by both Cr and HCO3" through cAMP-dependent as well as Ca^^-linked transduction 
pathways (Levin & Scargill, 1987; Levin & Sebkhi, 1989). Studies on primary 
cultured mouse endometrial epithelium showed that adrenaline acted predominantly 
on p-adrenoceptors-linked cAMP-dependent pathway (Chan et al,, 1997a). 
1.4.2 Prostaglandin (PG) E2 and PGF2a 
Prostaglandins (PGs) are biosynthesized from arachidonic acid which is the 
most common polyunsaturated fatty acid present in cellular phospholipids. They are 
synthesized and released readily in response to a variety of physiological stimuli. They 
are used immediately upon formation and are not stored in the body. Almost all 
organs have prostaglandins synthesizing enzymes. Prostaglandins are implicated in the 
relaxation and contraction of many smooth muscles such as vascular, tracheal, uterine 
and gastrointestinal smooth muscles. 
In female reproductive system, prostaglandins E2 (PGE2) and F2a (PGF2a) can 
be synthesized by endometrial epithelial cells, stromal cells and blastocysts. These two 
prostaglandins have significant roles in regulating uterine functions. The possible 
events of uterine activities related to PGE2 and PGF2a are listed in Table 1.1. 
Apart from contractile effects on smooth muscles, PGE2 and PGF2a also 
stimulate anion secretions when acting on a variety of epithelial cells including canine 
tracheal epithelium fEling et al., 1986; Smith et al., 1982), frog skin glands (Ziyadeh 
etal., 1986) and human fetal lung (McCray & Bettencourt, 1993). Besides, in isolated 
rat uterus, it was found that PGE2 increased endometrial electrogenic ion secretion 
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which exhibited bell-shaped dose-response curve in short-circuit current measurement 
(Sebkhi & Levin, 1990). Recently, PGE2 was demonstrated in stimulating anion 
secretion through cAMP-dependent pathway in mouse endometrial epithelium (Fong 
& Chan, 1998a). 
Table 1.1 Roles 0fPGE2 and PGF2a in female reproduction. 
Source Functions 
PGE2 Endometrium Induce decidualization 
Initiate changes of vascular permeability 
Blastocysts Induce implantation 
Ovary Trigger follicular rupture 
Stimulate progesterone production 
Stimulate contraction of fallopian tube 
Central nervous system Regulate menstrual cycle 
Stimulate activity of myometrium 
PGF2c1 Endometrium Regulate menstrual cycle 
Induce implantation 
Ovary Inhibit progesterone production 
Trigger follicular rupture 
Luteal cells Induce luteolysis 
Central nervous system Induce labour 
PGE： and PGF:(t exert their effects through G-protein coupled membrane 
receptors. There are four subtypes 0fPGE2 receptors’ namely EP], EP2, EP? and EP4. 
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EPi couples to Ca2+ mobilization whereas EP2 and EP4 elevate internal cAMP level 
through triggering the membrane-bound adenylate cyclase. In contrast, EP3 couples to 
Gi protein which inhibits adenylate cyclase and reduces the production of internal 
cAMP. PGF2a binds to PGF2a receptor (FP) which stimulates phospholipase C, as a 
result of promoting a rise in cytosolic free Ca�+ and subsequent physiological cell 
response. 
1.4.3 Biological Effect of Extracellular Nucleotides 
The first recognition of biological activity of extracelluar purine nucleotides 
should be dated back to the late 1920s, in the cardiovascular system (Drury & Szent-
Gyorgyi, 1929). Since that time, more biological responses were found to be mediated 
by extracellular ATP, such as muscle contraction and relaxation, neurotransmission, 
regulation of cell growth and activation of epithelial ion channels (Please refer to 
Dubyak and El-Moatassim, 1993, for more detail discussion). ATP mediates its effect 
by interactions with P2 receptors. ATP has been demonstrated to activate P2u 
receptors in mouse endometrial epithelial cells (Chan et al., 1997c). ATP binds to P2u 
receptors and activate the Ca^^-dependent C1' channels in endometrial epithelium. 
On the other hand, the presence of pyrimidine-sensitive receptors was first 
proposed in 1978. Nowadays, pyrimidinoceptors are found to be expressed in a 
number of cells. UDP and UTP-sensitive pyrimidinoceptors are involved in regulating 
Cr secretions in equine sweat glands and airway epithelia (Ko et al., 1997; 
Lazarowaki et aI., 1997b). It raises the possibility of the endogenous expression of 
pyrimidinoceptors in other epithelia though the occurrence of extracellular uridine 
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nucleotides is greatly unknown. It is believed that ATP and UTP can be released from 
damaged cell and exert physiological effects on the target cell. Since UTP can be 
easily breakdown and the metabolic product of UTP may act on pyrimidinoceptors. 
On the other hand, autocrine role of ATP has also been put forward in various 
epithelia. It is believed that the presence of pyrimidinoceptors in epithelial cells may 
imply an autocrine roles of pyrimidine nucleotides in epithelial ion transport. So far, 
there are two known pyrimidinoceptor subtypes, designated as P2Y4 and P2Y6, are 
recognized according to their molecular entity and the rank order of potency. P2Y4 are 
abundantly expressed in human placenta and has a order of potency of UTP > UDP 
» ATP > ADP. P2Y6 are widely expressed in spleen, thymus and human placenta. 
P2Y6 is much more selective for UDP than UTP. The order of potency for P2Y6 
pyrimidinoceptor is UDP > UTP > ADP > ATP. 
Previous studies have demonstrated that the primary cultured mouse 
endometrial epithelial cells form functional monolayer when grown on permeable 
supports. The endometrial epithelia exhibit predominant Na+ absorption under 
unstimulated condition and predominant C1" secretion upon neurohormonal 
stimulation. The endometrial monolayer responded to various neurohormonal agents 
such as adrenaline, noradrenaline, PGE2, and ATP with significant increase in Isc 
which attributed to electrogenic anion secretion. Anion secretion induced by 
adrenaline and noradrenaline was found to be regulated by P-adrenoceptors and 
involved a cAMP-dependent mechanism. PGE2 was demonstrated to activate 
endometrial anion secretion mainly through a cAMP-mediated pathway where EP2 or 
EP4 receptors may be involved. In contrast to adrenaline- and PGE2-induced /sc, ATP 
27 
was found to activate Ca^^-dependent C1" secretion which was regulated by P21j 
receptors. Nevertheless, the ionic species mediated by these neurohormonal agents 
mainly C1" and HCO3'. However, the type of ion channels involved was not 
characterized in these studies. 
1.5 Objective of this Study 
Preliminary research found that the endometrium possessed a number of 
receptors for neurohormonal agents activation of which result in electrogenic ion 
transport. For instance, adrenaline, bradykinin, bombesin and gastrin-releasing peptide 
(GRP) have been shown to stimulate ion transport in human cultured endometrial 
epithelial cells (Matthews et aL, 1992a; Matthews et al.’ 1993a; Matthews et a/., 
1993b). In addition, Levin and Scargill showed that adrenaline activated P_ 
adrenoceptors and induced C1" and HCO3" secretion through both Ca�+- and cAMP-
dependent pathways in the rat uterus (Levin & Scargill, 1987). Sebkhi and Levin also 
demonstrated that PGEi, PGE2 and PGFi increased electrogenic ion transport across 
the rat uteri (Sebkhi & Levin, 1990). Previous studies on the mouse endometrial 
epithelial cells has further demonstrated the involvement of anion secretion upon 
PGE2 and PGF2a stimulation using short-circuit current technique (Fong & Chan, 
1998a). It is believed that activation of ion channels are the ultimate attribution to 
these electrogenic ion transport. However, the types of ion channels involved have not 
been elucidated in epithelial cells. Hence, it is the aim of the present study to 
investigate ion channels which are involved in mediating adrenaline-, PGE2- and 
PGF2a-induced anion secretion across the mouse endometrial epithelial cells using 
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whole-cell patch-clamp technique. Moreover, we would like to investigate whether 
these cAMP-mediated neurohormonal stimuli are converged on CFTR. 
Previous studies have shown that the primary cultured mouse endometrial 
epithelial cells exhibit predominant Na+ absorption under basal condition and shift to 
Cr secretion upon stimulation. It is believed that the interplay between Na+ absorption 
and Cr secretion determined the optimal uterine fluid environment. The interaction 
between Na+ absorption and C1" secretion has been revealed in other systems with 
both ENaC and CFTR introduced exogenously. It is worth noting that CF-afifected 
epithelium is not only recognized with defective cAMP-mediated C1" secretion but 
also accompanied with hyper Na+ absorption. Studies in systems expressing both 
CFTR and ENaC show that CFTR exerts an inhibitory role on Na+ absorption. 
However, most of these studies have been carried out in expression systems where 
CFTR and ENaC are exogenously introduced. Since the primary cultured mouse 
endometrial epithelial cells exhibit predominant amiloride-sensitive Na+ absorption 
under basal condition and predominant cAMP-dependent C1' secretion upon 
stimulation, it is the aim of this study to first confirm the endogenous coexpression of 
ENaC and CFTR in mouse endometrial epithelial cells using RT-PCR technique, and 
to investigate the interplay between Na+ absorption and C1' secretion in mouse 
endometrial epithelial cells using the short-circuit current technique. 
The uterus is known to be affected by CF which results in impaired C1' 
secretion through cAMP-dependent pathway. The extracellular ATP has been found 
to activate C1' secretion through P2u-linked Ca^^-dependent pathway in mouse 
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endometrial epithelial cells (Chan et al., 1997c). The regulation C1' secretion through 
P2u-linked Ca2+-dependent pathway by extracellular ATP or UTP may in turn provide 
an alternative exit for C1" which brings along with water to the luminal side. However, 
both ATP and UTP have short half lives, they are easily hydrolysed to diphosphate 
and monophosphate by the ecyonucleotidases which normally present in every tissue. 
Recently, the activation of C1" secretion through uridine 5'-diphosphate (UDP)-
sensitive pyrimidinoceptors has been put forward in various epithelial cells such as 
equine sweat gland (Ko et al., 1997) and airway epithelial cells (Lazarowaki et al., 
1997b). Although the physiological sources of UDP in the extracellular fluid were 
poorly documented, UDP couples to pyrimidinoceptors and leads to C1" secretion 
through Ca2+-dependent pathway may provide potential treatment for cystic fibrosis 
(CF) (Lazarowaki et al., 1997b). It becomes the second aim of the present study to 
explore the presence of UDP-activated pyrimidinoceptors in the mouse endometrial 
epithelial cells and the type of ion channels involved. Both the short-circuit current 
and whole-cell patch clamp techniques are employed in this study. 
It is hoped that the result of the present study may shed light on the 
understandings of the cellular regulatory mechanism of electrolyte transport across the 
endometrial epithelium, and provide grounds for the development of contraceptives 
and new treatment for infertility. 
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2 Materials and Methods 
2.1 Materials: 
2.1.1 Culture Medium and Enzymes 
Dulbecco,s modified Eagle's medium with nutrient mixture F-12 (D-MEM/F-12), 
phosphate buffered saUne (PBS), fetal bovine serum (FBS), non-essential amino acid and 
pancreatin were purchased from Gibco Laboratory (GffiCO-BRL，Grand Island, New 
York, USA) while peniciUirVstreptomycin and trypsin (type H) were from Sigma 
Chemistry Co. (St. Louis, MO, USA). Matrigel was acquired from CoUaborative 
Biomedical (Two OakPark, Bedford, USA). 
2.1.2 Drugs 
Prostaglandin E2 (PGE2), prostaglandin F2a (PGF2a), 4,-4'-diisothiocyano-
stilbene-2,2'-disulfonic acid (DK>S), adenosine 5'-triphosphate (ATP), uridine 5'-
diphosphate (UDP) and l,2-bis-(2-aminophenoxy)-ethane-N,N,N'N'-tetraacetic acid -
acetomethyl ester (BAPTA-AM) were obtained from Sigma (St. Louis, MO, USA). 
Forskolin, amiloride hydrochloride and MDL-12,330A hydrochloride (MDL) 
was obtained from Research Biochemical International (RBI, Nitick, MA, USA). 
Adrenaline was acquired from David Bull Laboratories (Victoria, Australia) and 
dipheylatnine-2-carboxylic acid (DPC) was from Riedel-de Haen Chemicals 
(Hannover, Germany). Hexokinase was purchased from Boehringer. RT-PCR kit, 
CFTR and ENaC primers were from Gibco Laboratory (GffiCO-BRL, Grand Island, 
New York, USA). 
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2.1.3 Chemicals 
Calcium chloride, magnesium chloride, potassium chloride, potassium 
dihydrogen phosphate and sodium chloride were purchased from Merck (Darmstadt, 
Germany). Potassium gluconate and sodium gluconate were obtained from BDH 
Chemicals Ltd., (Poole, England). Calcium gluconate, glucose, choline bicarbonate, 
N-2-hydroxethylpiperazine-N' -2-ethanesulfonic acid (HEPES), Ethylene Glycol-
bis(P-aminoethyl ether)-N,N,N' ,N'-tetraacetic acid (EGTA), Ethylenediamine 
tetraacetic acid (EDTA), 3-(N-morpholine)propanesulfonic acid (MOPS), sodium 
acetate, acetic acid, Tris(hydroxymethyl)aminomethane (Tris), agarose, N-methyl-D-
glucamine (NMDG+) and sodium bicarbonate were from Sigma (St. Louis, MO, 
USA). 
2.1.4 Experimental Tissues and Animals 
Uterus horns were removed from 3.5-4 week-old female ICR mice which were 
supplied by the Laboratory Animal Services Centre of The Chinese University of 
Hong Kong. 
2.2 Preparations 
2.2.1 Pervious Support for Cell Growth 
Endometrial epithelial cells seeded on 0.45 ^m nitroceUulose Millipore filters 
(Type HA025, Nihon Millipore Kogyo K. K., Japan) were used for short-circuit 
current (/sc) measurement. The epithelial cells formed functional monolayers on 
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permeable supports where their apical-basolateral polarity was retained. This allowed 
us to measure transepithelial ion fluxes by short-circuiting the epithelia. 
The silicone rings were used to confine the area for cell growth. They were 
prepared from Sylgard 184 elastomer kit (Dow Corning Corp., USA). Sylgard resin 
was mixed well with the curing agent in a 10:1 (w/w) proportion. Each 100 mm petri 
dish was filled with 9 g well-mixed Sylgard and allowed to set on a horizontal surface 
for 3 days. 
Silicone rings with internal diameter of 7 mm were cut out from the well-set 
Sylgard plate using a double-barrel circular puncher. Each silicone ring was glued 
onto a piece of 0.45 i^m nitroceUulose Millipore filter using Silicone 3140RTV non-
corrosive adhesive (Dow Corning Corp., USA). Each MiUipore filter was coated with 
100 jnl matrigel which had been diluted 8 times by PBS. The assemblies were sterilized 
under ultraviolet radiation for 30 minutes before seeding cells on them. The sterilized 
assemblies were allowed to float on a 100 mm petri dish which contained 12 ml 
completed culture medium (Fig. 2.1). 
2.2.2 Growth Medium 
Filter unit with a 0.22 fim Millipore filter layered inside were put on the top of 
the bottle. The assembled unit was autoclaved at 115 ^C at 1 atm for 30 minutes and 
then was dried in the oven. 
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Fig. 2,1 Schematic diagram showing the procedures for preparation of pervious 
support for cell growth 
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Dulbecco's modified Eagle's medium with nutrient mixture F-12 (D-MEMy^-12) 
in powder form was kept stirring in a 1 L beaker with 800 ml Nano-pure water inside. 
Then 1.2 g NaHCO3 was added into the solution. The pH value was adjusted to 7.2, a Uttle 
bit lower than the desired value 7.4 because there will be a 0.2-0.3 rise in pH value after 
filtering. The solution was made up to 1 L. The medium was filtered into two 500 ml 
bottles through the steriHzed filter unit. Each 500 ml growth medium was supplemented 
with 100 |LiM non-essential amino acid (vol./vol.), 100 RJ/ml peniciUin and 100 i^g/ml 
streptomycin, and 10% fetal bovine serum (FBS). The completed growth medium was 
kept refiigerated. 
2.2.3 Culture ofMouse Endometrial Epithelial Cells 
Endometrial epithelial ceUs were enzymaticaUy isolated from the mouse uterus 
according to the method described by McCormack & Ghsscr (McCormack & Glasser, 
1980) with slight modifications (Chan et al., 1997a). Uteri were obtained from 3.5- to 4-
week old immature ICR mice to avoid the compUcation of the estrous cycle. Uteri 
obtained were washed in sterile PBS (without Ca^ ^ and Mg^^. Afler trimming offthe fatty 
and connective tissues, the uteri were sUced longitudinaUy. The sliced uteri were 
transferred to a 15 ml centrifuge tube containing 10 ml PBS supplemented with 7.5 mg/ml 
trypsin and 25 mg/ml pancreatin. Tissues were incubated at 0 ^C for 60 minutes and then 
at room temperature for another 45 minutes. 
The enzyme-containing PBS was poured away carefuUy, the completed growth 
medium was added to stop the activity of trypsin. The medium was replaced with PBS 5 
minutes later. The tissues were then gently shaken for 30 seconds. Uterine tissues were 
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removed and the suspension was centrifiiged at 1000 x g for 3 minutes. The supernatant 
was discarded and the ceU peUet was resuspended in 12 ml PBS. The ceUs were aUowed to 
settle for 5 minutes and the top 2 ml which was rich in red blood ceUs was discarded. The 
suspension was centrifuged at 1000 x g for another 3 minutes. Then the ceU peUet was 
resuspended in the completed growth medium. The isolated endometrial ceUs were plated 
onto 35 mm petri dishes for patch-clamp experiments or seeded on a 0.45 cm^ matrigel-
coated nitroceUulose MiUipore filters for short-circuit current measurement. CeUs were 
incubated at 37 ^C in 5% CO2 and studied on the third day when the confluence of ceU 
growth was reached. 
2.2.4 Solutions For Short-circuit Current Measurements 
Krebs-Henseleit (K-H) solution and modified K-H solutions were used as 
bathing solutions in short-circuit current measurement. Tables 2.1 - 2.4 show the 
compositions of different bathing solutions. The pH value of the solutions was kept at 
7.4 when gassing with 5% CO2 / 95% O2. HEPES buffer was used to attain 7.4 pH 
value when HCO3' was replaced by impermeable anion, gluconate. The pH of 
HEPES-bufFered solution was adjusted to 7.4 and gassed with atmospheric air. 
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Table 2.1 Compositions and concentrations of normal Krebs-Henseleit (K-H) 
solution 
Chemicals Final concentration (mM) 
NaCl 一 U7 
— KC1 一 4.7 
— MgCl2 “ 1.2 
KH2PO4 1.2 — 
— NaHCQ3 — 24.8 
— CaCl2 2.56 
Glucose 1 1 . 1 
The pH value of the normal K-H solution was maintained at 7.4 when gassed with 5% 
CO2/95%O2. 
Table 2.2 Cl'-free solution 
Chemicals Final concentration (mM) 




— NaHCO3 24.8 
Ca-gluconate 2.56 
Glucose 11.1 
The pH value of the Cl'-free solution was maintained at 7.4 when gassed with 5% 
CO2/95%O2. 
Table 2.3 Cl"-and HCO3"-free solution 
Chemicals Final concentration (mM) 
Na-gluconate U7 
K-gluconate ^ 





The pH value of C1" and HCO3"-free solution was titrated to 7.4 by NaOH. During the 
experiments, the C1" and HCO3"-free solution was continuously gassed with air. 
Table 2.4 Na+-free solution 




KH2PQ4 1.2 — 
Choline HCO3 24.8 
一 CaCl2 - 2.56 
Glucose 11.1 
The pH value of the Na+-free solution was maintained at 7.4 when gassed with 5% 
CO2/95%O2. 
2.2.5 Solutions for Patch-damp Experiments 
Table 2.5 Compositions and concentrations of pipette and bath solution 
Chemicals Low Ca�+ Pipette (mM) Bath (mM) 
buffering saline 
— N a C l — 140 mM - -
KC1 ： 140 mM 40 mM 
MgCl2 ： 1 mM 1 mM 
Na2HPO4 ： 1 .2mM 1.2mM 
HEPES lOmM — lOmM lOmM 
— E G T A 2 mM 一 1 mM — -
CaCl2 0.4mM 0.1 mM 1 mM 
Glucose - 16 mM 16 mM 
pH value 1_^  lJ2^  7.4 
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The pH values of the above solutions were titrated with Tris and the osmolarity was 
corrected to around 300 mOsm by mannitol. The final concentration of Ca]+ in the 
pipette solution was 15 nM, calculated from a computer software EQCAL. 
2.2.6 Running Buffers for RNA and DNA Gel Electrophoresis 
Table 2.6 Preparation of 10 x MOPS 
Chemicals Concentration (mM) 
MOPS ^ 
Sodium Acetate ^ 
~ E D T A (acid free) 5 
The above chemicals were made up with DEPC-treated and nanopure 
(resistivity w 18 MQ/cm^) water and the pH was adjusted to 7.0 with NaOH. This 
mixture is 10 x MOPS which was then filtered through autoclaved filter unit. The 10 
X MOPS stock was diluted to the desired concentration. 
Table 2.7 Preparation of50 x TAE (pH 7.5 - 7.8) 
Chemicals Concentration (mM) 
— Tris 2000 
Acetic acid 1000 
“ EDTA 50 
The above chemicals were mixed with DEPC-treated, distilled water and the 
pH was adjusted to within 7.5 - 7.8. Then the mixture was added up to 500 ml with 
DEPC-treated water. The outcome is termed as 50 x TAE solution which was 
autoclaved at 115 ®C for at least 30 minutes. The 50 x TAE buffering solution was 
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used as stock and was diluted to the desirable concentration when running the DNA 
gel. 
2.2.7 UTP-free UDP 
Since commerciaUy available UDP was more or less contaminated with UTP, 
untreated UDP may assemble with some undesired UTP responses. The contaminant UTP 
could be removed by incubating the UTP-contaminated UDP with D-glucose (22 mM) in 
the presence ofhexokinase (100 EJ/1 ml UDP). After incubating at 37 ^C for 1 hour, UTP 
wiU be hydrolyzed to UDP (Harden et al., 1997; Lazarowaki et al.’ 1997b; Nicholas et al., 
1996). 
2.2.8 Electrodes for the Short-circuit Current Measurements 
Current and voltage probes were in fact the Agy^ AgCl electrodes (World 
Precision Instruments, Inc., USA) which was inserted into the 3 M KCl-agar salt 
bridges. To brief, cartridges (World Precision Instruments, Inc., USA) were filled up 
with 3% agarose (w/v) which was dissolved in 3 M boiling KC1 solution. Then the 
Agy^ AgCl electrodes were immediately inserted into the cartridges. No bubbles around 
Ag/AgCl connections were allowed because the dead space of bubbles generated 
large resistance which attenuated both the applied and measured signals. Solidification 
of agar was achieved by immersing the agar-filled cartridges into 3 M cooled KC1 
solution. The well-prepared electrodes were short-circuited in 3 M KC1 soultion so as 
to minimize the potential difference between two electrodes. 
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2.3 Protocols 
2.3.1 Characterization of Neurohormonal Agents-induced Ion Channels 
In order to characterize the cAMP-dependent conductances activated by 
neurohormonal agents: adrenaline, PGE2 and PGF2a, in mouse endometrial epithelial 
cells, the whole-cell patch-clamp experiments were conducted. Whole-cell currents 
modulated by these neurohormonal agents in the presence of ionic gradient were 
studied. Reversal potentials were measured to determine the type of conductance 
being activated. Whole-cell current profile, anion selectivity sequence and blocker 
sensitivity to DPC and DIDS were used to characterize the type of ion channels. As a 
control, we studied the whole-cell current responses to the adenylate cyclase 
activator, forskolin and adenylate cyclase inhibitor, MDL 12,330A. 
2.3.2 Possible Interaction between CFTR and ENaC 
We conducted short-circuit current measurements to investigate possible 
interaction between CFTR and ENaC. The amiloride-sensitive Na+ absorption prior to 
and after forskolin stimulation were analyzed. The student unpaired ^test was used to 
compare the results with control experiments. In control experiments, the possible 
contribution of Na+ was eliminated either in the presence of amiloride or in Na+-free 
K-H solution. The inhibition of basal amiloride-sensitive Na+ absorption upon 
forskolin stimulation was further examined in the presence of DPC and in Cl'-free K-
H solution. 
2.3.3 Characterization of Pyrimidinoceptors-mediated Conductance 
In order to demonstrate the presence of UDP-sensitive pyrimidinoceptors in 
addition to (P2Y2) P2u purinoceptors in mouse endometrial epithelia, we undertook 
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cross-desensitization experiments using both the short-circuit current and whole-cell 
patch-clamp techniques. The short-circuited epithelia were repeatedly challenged with 
the same nucleotide, UDP, of the same concentration 100 ^M, and followed by 
sequential ATP stimulation. The sequence of drug addition was reversed. Sequential 
effects of UDP and ATP on the whole-cell current were studied to confirm the co-
existence of pyrimidinoceptors and (P2Y2) P2u receptors in the same patch-clamped 
cell. 
The UDP-induced whole-cell currents were examined to characterize the 
pyrimidinoceptor-activated conductance. Reversal potential shown in the presence of 
ionic gradient across the plasma membrane was to differentiate the type of ion 
channels involved. Besides, the sensitivity of the UDP-activated whole-cell current to 
DK)S was tested. Finally, the UDP-activated whole-cell current profiles and their I-V 
relationship curves were studied and compared to that of ATP-activated current 
profiles. 
2.4 Methods of Measurements 
2.4.1 The Patch-Clamp Technique 
The patch-clamp technique was developed by two German cell physiologists, 
Erwin Neher and Bert Sakmann, who were awarded with the Nobel prize in 
Physiology of 1991. Four recording modes, namely cell-attached, inside-out patch, 
whole-cell and outside-out patch, can be achieved after forming 'gigaohm seal' (Fig. 
2.2). In this study, only whole-cell currents were studied. For the formation of whole-
cell configuration, see section 2.4.1.5 for details. The whole-cell current recorded is 
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an average of all ion channels in the cell membrane. By voltage-clamping the cell at 
certain external voltages, voltage-dependent ion channels, receptor-activated channels 
and second-messenger-mediated channels could be investigated. The advantages of 
studying the whole-cell patch-clamp are as follows. (1) It allows the study of the ionic 
current of small isolated cells. (2) Since the pipette solution changed readily with the 
cell, after manipulating ions on both sides (pipette and bath), conductances of the cell 
could be characterized. (3) Current profiles, which reflected ion channel 
characteristics, could be studied by voltage-clamping the cells. (4) Together with 
noise analysis, the number of ion channels in the cell could be determined. The 
limitation of patch-clamp technique is that it only allows us to study the passive 
transport of ions. For active transport, it requires further studies using the short-
circuit technique. 
2,4,1,1 The Patch-Clamp Setup 
The patch-clamp setup consisted of an inverted microscope (EMT-2, Olympu, 
Japan) for viewing the cells was placed on a vibration isolation table (VW 03946-71, 
Newport) and electrically isolated within a Faraday cage, a micromanipulator (M0-
103MR, Narishige Sientific Instrument, Japan) for precisely controlling the 
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attach, whole-cell, outside-out and inside-out, in the patch-clamp experiments. 
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movement of the patch pipette, a patch-clamp amplifier (Axon Instruments, 
Axopatch-lD, USA) for whole-cell recording, a computer-based analog-digital 
interface (TL-1 DMA interface, Axon Instruments, Inc., USA) for eliciting command 
voltages to the patch-clamped cell in a given time interval and performing data 
acquisition, an oscilloscope (DSO 1602, Gould, Eurotherm Ltd.) for monitoring the 
signals and a chart recorder (BD111, Kipp and Zonen, World Precision Instrument, 
USA) for keeping track of the whole time course of the experiment. A sketch of the 
experimental setup for patch-clamp was shown in Fig. 2.3. 
2.4.1.2 Shielding and Grounding 
A Faraday cage was used to shield the headstage amplifier and electrode from 
electrical noise. Besides, a small Faraday cage was mounted to the stage of the 
microscope. The cage was set up to further reduce the electrical noise picked up by 
the headstage amplifier. In order to minimize line-frequency pickup and magnetic 
pickup, the headstage probe, the microscope and all other metallic surfaces were 
grounded by low-resistance wires which were connected to a copper bar inside the 
Faraday cage. Finally, the copper grounding bar was connected in parallel to the 
signal ground in the Axopatch amplifier. 
2.4.1.3 Pipette Fabrication 
Pipette Pulling 
Borosilicate capillaries (Vitrex, Denmark) with internal diameter of 1 mm 
were used. Borosilicate is a hard glass which have better relaxation properties and 
lower dielectric loss and thus produces less noise than soft glass. Pipettes were pulled 
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Fig. 2.3 Schematic diagram showing the experimental set-up of patch-clamp 
measurement. 
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in 4-programmed steps by elastic force using a Sutter micropipette puller (Sutter 
Instrument Co., P87, USA). The micropipettes used in the measurements exhibiting a 
resistance of 4-8 MQ when immersing in 140 mM NaCl bath solution. 
Pipette Coating 
In order to reduce the pipette-bath capacitance, the pipette tips were coated 
with Sylgard, a hydrophobic and insulating material (Sylgard 184 silicone elastomer 
kit, Dow Corning Corp., Mich., USA). Sylgard was prepared by mixing the resin and 
curing agent in 10:1 (w/w) proportion and stored at -20 ^C until use. The Sylgard 
prepared this way can last for several weeks. 
The Sylgard was applied evenly for 5 mm, starting from a hundred ^m away 
from the tip. The whole process was monitored under a pipette microforge (Medical 
Systems Corp., Greenvale, New York, USA) at low magnification. A je t of hot air 
was blown to cur the Sylgard on the pipette. 
Pipette Tip Polishing 
The aim of heat polishing is to smooth the edges of the pipette tip and to 
remove dirt from the tip if any. A clean and smoothed pipette is critical for the 
formation of 'gigaohm' seal. The successful rate of seal formation is optimized and 
the seal formed is much more stable after smoothing the pipette tip in heat polishing. 
The pipette tip was brought to a close proximity of the V-shaped platinum 
heating filament on the microforge. The filament was heated up by passing about 4 A 
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current. A slight change in the shape of pipette tip can be observed if successful heat 
polishing was performed. The well-prepared micropipettes were used within 12 hours 
after fabrication. 
Pipette Filling 
The pipettes were partially filled with pipette solution filtered by a 0.22 \xm 
syringe filter. The air bubbles at the tip were removed by tapping the side of the 
pipette. The reason of getting rid of the bubbles from the pipette tip is that the bubbles 
increase the electrode resistance and generate excessive noise to the seal formed. The 
level of pipette solution was just above the Ag/AgCl pellet. 
2.4,1.4 Pipette Holder and Electrodes 
Pipette holder was made of polycarbonate, a low noise material. One end of 
the electrode, which was a silver wire, was mounted on the pipette holder. The pipette 
holder was attached to the Headstage amplifier (Axon Instruments, CV-4, USA) of 
the patch-clamp amplifier (Axon Instruments, Axopatch-lD, USA). The open-end of 
the Ag wire was coated with AgCl. In addition, the bare silver wire was wrapped with 
a wax-sealed Teflon tube. This ensure that the pipette solution only contact with the 
Ag/AgCl pellet and hence prevent the Redox reaction. 
Another Ag/AgCl electrode was used as reference electrode. It was immersed 
in a separate bath solution which was connected with a U-shaped agar-filled salt 
bridge to the bath with cells under studying. The agar was made up with 1.5% 
agarose in a typical bath solution, normally 140 mM NaCl. 
48 
2,4,1.5 Experimental Procedures 
Forming of Gigaohm Seal 
The endometrial epithelial cells were grown in a 35 mm petri dish and were 
ready to use after culturing for 3 days. The cells were rinsed twice with a low Ca^ + 
buffered saline ([Ca^^] = 15 nM). Then the cells were kept in low Ca〗+ solution for 15 
minutes. The aim of bathing the cells in low Ca〕+ solution was to dissemble the 
bonding of cells from the petri dish. After 15 minutes treatment, the cells were 
partially detached from the bottom of the petri dish. They were then rinsed 2 to 3 
times with bath solution. For each petri dish, 2 ml bathing solution was added. 
After mounting the electrode to the pipette holder, 1 ml air was applied 
through a 5 ml syringe to a tube connected to the pipette holder. A positive pressure 
was built up in the pipette holder. The process of seal forming was visualized under a 
phase contrast inverted microscope and monitored on an oscilloscope. Before 
entering the bath, there was no current and a flat trace was seen. On entering the bath, 
the offset potentials between pipette and the reference electrode was corrected. The 
offset potential was canceled by adjusting the knob of the junction null on the patch-
clamp amplifier. The potential and current of the electrode read 0 mV and 0 pA 
before the onset of measurement. A 20 mV test pulse was applied to the pipette from 
a pulse generator. A square wave from which pipette resistance can be calculated was 
observed (Fig. 2.4). 
Pipette resistance = Test pulse voltage / current measured 
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Fig. 2.4 A test pulse for testing the pipette resistance 
The pipette was slowly and carefully accessed to the vicinity of the target cell. 
A decrease in current was observed when the pipette was touching the cell membrane, 
this was due to the increase in resistance when accessing the cell membrane. The 
positive pressure was released, and a negative pressure was applied by a slight 
suction. The resistance increased further until current went to zero and a flat tracing 
reappeared which indicated the formation of gigaohm seal (Fig. 2.5). 
After forming gigaohm seal, whole-cell configuration can be achieved by 
breaking the patch membrane using additional suction. Whole-cell formation was 
characterized by an increase in transient capacitance (Fig. 2.6). This fast capacitance 
was due to the pipette capacitance and the slow capacitance was attributed to 
membrane discharge. The magnitude of the slow capacitance was proportional to the 
size of the cell. That is to say, the slow capacitance reveals the size of patch-clamped 
cell. Both fast and slow capacitances were compensated by adjusting fast and slow 
magnitudes on the Axopatch amplifier. Another information that can be obtained from 
the whole-cell tracing was access resistance. Both capacitance and access resistance 
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should be kept as low as possible because they determine the response time. The 
response time rwas proportional to both capacitance and access resistance: 
r = C-i R, 
In order to reduce capacitance, a small cell should be chosen. Besides, pipettes with a 
wider tip have lower access resistance and are more desirable. 
Unless otherwise stated, the pipette solution contained the following salt 
solution: 135 mM KC1, 1 mM MgCl2, 1.2 mM NaH2PO4, 10 mM HEPES, 1 mM 
EGTA, 0.1 mM CaCl2 and 16 mM glucose whereas the cell was bathed in 40 mM 
KC1, 1 mM MgCl2, 1.2 mM NaH2PO4, 10 mM HEPES, 1 mM CaCl2 and 16 mM 
glucose. The pH values were kept at 7.2 and 7.4 for pipette and bath solutions 
respectively. All experiments were carried out at room temperature (18 ®C - 20 ®C). 
Liquid Junction Potential Correction 
Liquid junction potential, which referred to the potential differences between 
two solutions, occurred at the tip of the recording pipette when the pipette solution 
was different from the bath solution. When anions and cations with different mobilities 
diffiise across the pipette tip, separation of charge happened at the pipette tip. As a 
result, a potential difference developed at the tip of the pipette. This junction potential 
difference could be corrected by the following practice. At the beginning of each 
measurement, that is, before seal formation, a variable offset was adjusted such that 
the amplifier read zero current and voltage. At the end of each measurement, the seal 
was blown off by introducing a positive pressure to the interior of the pipette. The 
zero current potential was read again. This final zero current potential was the 
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junction potential difference. All voltage readings from the amplifier had to be 
corrected by subtracting this amount. The liquid junction potential corrected voltages 
are the true voltage readings. 
2,4,L 6 Signal Recording and Data Acquisition 
The output signal from the Axopath-lD Patch-clamp Amplifier was filtered at 
10 kHz with an 8-pole Bessel filter and saved to a computer installed with an Axon 
Labmaster TL-1-125 data acquisition system (Axon Instrument Inc., California, 
USA). Data acquisition and analysis were performed using the ^Clamp 5.5 and 
^Clamp 6.0 version software, respectively, from Axon Instruments Inc.. 
The change ofwhole-cell current was monitored by holding the cell membrane 
potential at 0 mV and the 30 mV alternatively. In studying the current-voltage 
relationship, the Patch-clamped cell was stimulated with an external command 
voltages which ran from a holding potential 0 mV to potentials between -120 mV and 
120 mV with 20 mV increment. Data was first acquired by the programme 
CLAMPEXL. 
2.4.1,7 Data Analysis 
Current-Voltage Relationship 
A plot of current (7) versus voltage {V), that is an /-Fplot, provided valuable 
information of cell properties such as channel conductance and reversal potential. 
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In some experiments, the permeability of a test anion (X) to the cell membrane 
was compared to that of chloride C1". The relative permeabilities ofthe test ions were 
calculated using the Goldman-Hodgkin-Katz voltage equation (Hodgkin, 1951): 
P^ 
RT [ClJ�+ f x ] � 
V = — ln ^ 
rw ZF [ 1 + Arxl 
[ c ^ 户。1 IXJ^ 
where Krev is the reversal potential and the subscripts o and i denote the concentration 
ofthe ion on the outside and inside of the plasma membrane respectively. R, J\ Z and 
F have their usual meanings. 
2.4.2 The Short-circuit Current Technique 
The short-circuit current (/sc) technique was used to study the active 
transepithelial ion transport across the primary cultured endometrial epithelial cells 
grown on permeable support. This technique was first introduced by Ussing and 
Zerahn (Ussing & Zerahn, 1951) in studying the active Na+ absorption of frog skin. 
Afterwards, this technique was extensively used for studying transepithelial transport 
in various tissues (Clarkson & Toole，1964; Cooperstein & Hogben, 1959; Schultz & 
Zalusky, 1964). This technique allowed us to study the active transepithelial transport 
of ions in both resting and stimulated conditions. 
The main shortcoming of the short-circuit current technique is that it cannot 
resolve individual active transport process that takes place at the same time. 
Nevertheless, with more and more commercially available specific channel blockers 
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and inhibitors, we are allowed to study and identify independently the contribution of 
individual transporter to the resultant /sc. 
2.4.2.1 The Short-Circuit Current Setup 
The measurement of/sc has been described previously (Ussing & Zerahn，1951; 
Wong, 1988). Primary cultured endometrial cells growing on permeable supports were 
verticaUy clamped between 2 halves of the Ussing chamber with a 0.5 cm^ window. The 
assemble was held in position by penetrating stainless steel pins in one half-chamber to the 
holes in the other hatf-chamber. Since these pins entered the siHcone ring such that the 
epithelial ceUs were not directly pressed again the chamber, edge damage to the tissue was 
prevented (Fig. 2.7). 
Two pairs of outlets (V and I) were connected to the Ag/AgCl electrodes 
assembled agar bridges for the measurement of transepithelial potential difference and the 
injection ofextemal current, respectively. The voltage electrodes which measure the open 
circuit potential difference across the monolayer were positioned in close proximity to 
minimize the attribution of fluid resistance. Conversely, the current electrodes were 
situated as far from the epitheUum as possible to make sure the uniform current was 
injected across the epitheUum. The two halves of the chambers were hold in position 
horizontaUy by screws at the end ofboth sides (Fig. 2.8). 
2.4.2.2 Experimental Procedures 
M electrodes were connected to a preampHfier which was connected in tum to a 
dual-voltage-clamp ampHfier p V C 1000; World Precision Listmments). Voltage offset 
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Fig. 2.8 The Ussing Chamber in horizontal position. The screws at both ends ofthe 
chamber are used to fix the chamber in position. 
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Fig. 2.9 Schematic diagram showing the experimental set-up of the short-circuit 
current measurement. 
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oftwo voltage electrodes and fluid resistance were adjusted and compensated prior to the 
onset of each measurement. Monolayers were bathed on each side with 10 ml bathing 
solution (K-H or modified K-H solution) which was maintained at 37 ^C by a waterjacket 
enclosing the reservoir. The solution was continuously bubbled with 95% O2/ 5% CO2 to 
maintain the pH of the solution at 7.4 or with atmospheric air when HCO3" was replaced. 
A counter current, which is termed short-circuit current ( / sc) , was appUed to the epithelia 
so as to maintain a 0 mV potential difference across the epitheUa (Fig. 2.9). This short-
circuit current (/sc) was displayed in the real time using a chart recorder (BD111, Kipp 
and Zonen, World Precision Listrument, USA). The transepitheHal resistance (Rj) was 
determined by clamping the epithelia at a potential away from zero. The transepitheHal 
resistance was assumed to obey Ohm's law: 
T .‘1 1- 1 •丄 n Change in clamping potential A V Transepithelial resistance jR^  = ^ 
Change in current A I 
All epithelial cells are characterised by their compositional variations in plasma 
membrane among apical and basolateral domains. The differential localisation of ion 
channels, receptors and transporters reflects functional differences. Agonists, 
antagonists and channel blockers could be added directly to the apical or basolateral side 
of the epitheHum. The involvement of receptors, ion channels or transporters could be 
studied and inferred. 
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2�4.2 3 Data Analysis 
The change in Jsc was defined as the maximal rise in Isc foUowing agonist stimulation and 
it was normaUzed as current change per unit area of epitheUal monolayer by dividing the 
/sc measured by 0.45 cm^ (in i^Ay^cm )^. 
2.4.3 Reverse Transcription - Polymerase Chain Reaction (RT-PCR) 
2,4,11 RNA Isolation 
After 3-4 days culture, endometrial monolayers were scraped off from 
permeable filters bathed in PBS supplemented growth medium. Afterwards, the cells 
were spun down at 1000 x g for 3 minutes. The supernatant was discarded and 1 ml 
Trizol reagent was added. The sample was homogenized by pipetting up and down. 
The homogenized sample was stayed at room temperature for 5 minutes to allow 
complete dissociation of cell complexes. Chloroform in the proportion of0.2 ml per 1 
ml Trizol reagent used were added to the sample. The mixture was then shaken for 15 
seconds. The mixture looked milky pink after shaking. It was incubated at room 
temperature for 2-3 minutes. Then the sample mixture was centrifuged at 12,000 x g 
at 4 ^C for 15 minutes. Afler centrifugation, the sample was distinguished into three 
heterogeneous layers with milky pink protein at the bottom, white precipitate DNA in 
the middle layer and clear aqueous RNA sample at the top. 
The upper RNA layer was carefully transferred to a 1.5 mI fresh DEPC-water 
treated microcentrifuge tube. The sample was mixed with isopropyl alcohol in order 
to precipitate the RNA: 0.5 ml isopropanol was added for every 1 ml Trizol reagent 
that initially used for homogenization. The mixture was incubated at room 
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temperature for 10 minutes followed by centrifuging at 12,000 x g at 4 ®C for 10 
minutes. A white pellet, which was the RNA precipitate, was seen after 
centrifugation. The supernatant was discarded, 1 ml of 75% ethanol for each 1 ml 
Trizol initially used for homogenization was added to wash the RNA sample. The 
sample was mixed by spinning over a vortex. The sample was centrifuged at 7,500 x g 
at 4 ®C for 5 minutes. The supernatant was discarded. The RNA pellet was allowed to 
air-dry for 5-10 minutes. Finally, the RNA sample was dissolved in 20 \il RNAase-
free water. UV absorbance, which was reflected by optical depth (OD), of RNA 
sample was measured by using UV-spectrophotometer (UV-1201, Shimadzu 
Corporation，Japan). The concentration ofRNA (^ig/^l) was calculated as followed: 
[RNA] = Optical depth (OD) x Dilution factor x 40 (constant) 
where 40 is the constant for RNA analysis at 260 nm. Agarose gel electrophoresis 
was performed to see if there was any degradation ofRNA sample. RNA sample was 
stored at -70 ^C for not more than a month for RT-PCR analysis. The process of 
RNA isolation is illustrated in Appendix A. 
2.4,3.2 RNA Gel Electrophoresis 
RNA integrity can be checked by ethidium bromide-stained agarose gel 
electrophoresis. Usually two clear bands corresponding to 18 S rRNA (1.87 kbp, kilo-
base-pair), and 28 S (4.42 kbp) should be seen under UV radiation provided that the 
RNA sample was not degraded. 
To prepare 1% RNA gel, 0.5 g of agarose was added in 40 mil DEPC-treated 
water. After boiling, agarose dissolves. Then 10 ml 5 x MOPS and 15 ^1 ethidium 
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bromide (1 mg/ml) was added. The gel was aUowed to set in a 8-weU gel tray (7 cm x 10 
cm). 
RNA running sample was prepared by mixing 20 ^g RNA sample with 2.6 ^1 37% 
formaldehyde, 7.5 ^1 deionized formamide and 1.5 ^il 5 x MOPS. The mixture was 
incubated at 65 ^C for 15 minutes and ice for another 5 minutes. FinaUy, 2 ^1 DEPC-
treated dye was added. RNA gel was put in the gel caster (BIO-RAD, Mini-Sub CeU GT 
System, mini-gel caster, USA) containing sufficient cold 0.5 x MOPS as running buffer. 
The treated RNA sample was careMy added into the weU ofthe RNA gel. The gel tank 
was connected to the power supply (BIO-RAD, PowerPac 200, USA). RNA nucleotide 
fragments which carried negative charges would migrated to the anode under the electrical 
field. When two bands of dye appeared to separate by a reasonable distance, the power 
was tumed off and the gel was analyzed. RNA fragments were viewed under UV 
radiation. Any blur of the band indicates the degradation ofthe RNA sample which would 
be discarded. 
2,4,3.3 Reverse Transcription (RT) 
The purpose of reverse transcription was to transcribe messenger RNA (mRNA) 
to first strand complementary DNA (cDNA). However, the RNA sample isolated by the 
above procedure composed of total RNAs, including mRNA, rRNA and cRNA. The 
mRNA with a long poly(A)+ tail was fished from total RNA sample by OHgo (dT) primer. 
RT was achieved with the Superscript preampHfication system (GffiCO-BRL, Grand 
Island, New York, USA), according to the manufacturer's instructions. A flow chart for 
RT procedure was iUustrated in Appendix B. 
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In brief, for each RT reaction, 5 ^g oftotal RNA were dissolved in 10 ^1 RNAase-
free water and 1 ^ ig of OHgo (dT) primer (0.5 ^ig/ml). The mixture was incubated at 70 ®C 
for 10 minutes and ice for another 5 minutes. Then the sample was mixed with 2 \il 10 x 
PCR buffer, 2 ^il 25 mM MgCl2, 2 ^1 0.1 M DTT and 1 ^il 10 mM deoxynucleoside 5'-
triphosphate (dNTP) mixture (comprise dATP, dCTP, dTTP and dGTP). The mixture 
was then incubated at 42 ®C for 5 minutes. Afterwards, 1 ^ 1 Superscript H was added and 
incubated at 42 ^C for 50 minutes and 70 ®C for another 15 minutes. FinaUy, any 
contamination of the samples with RNAase were removed by incubating the sample with 1 
^1 RNAase H at 37 ^C for 20 minutes. The first strand cDNA sample obtained was stored 
at -20 ®C untn running polymerase chain reaction (PCR). 
2,4,3.4 Polymerase Chain Reaction (PCR) 
The presence of CFTR and ENaC in the endometrial epithelial ceUs was tested by 
speciaUy designed mouse CFTR and ENaC cDNA sequence. The specific OUgo 
nucleotide primers for P-actin were: TCA CCG AGG CCC CTC TGA (sense) and GGC 
AGT AAT CTC CTT CTG (antisense), corresponding to nucleotides 236-878 with 
expected cDNA of 643 bp (Alondo et al‘, 1986). Two specific Oligo nucleotide primers 
for CFTR were: ATG CAG AAG TCG CCT TTG GAG (sense) and CCT GAC AAT 
GAA GAG AAG GCA (antisense), corresponding to nucleotides 139-540 with expected 
cDNA of 402 bp (Yorifuji et a/., 1991). The specific OHgo nucleotide primers for Na+ 
channel (a subunit) were: GCT CCA AGA AGC CAC AGA AGC (sense) and GTT 
GGA CAT CCC AAA GAT GGA (antisense), corresponding to nucleotides 3775-4281 
with expected cDNA of 507 bp OBurgess et al., 1995). The specific Oligo nucleotide 
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primers for Na+ channel (P subunit) were: ATG GGG ACG CTG CTG GCT CTC GTG 
(sense) and TCG CCA GAG TGG TTG TAG GTG ACG (antisense), corresponding to 
nucleotides 61-413 with expected cDNA of353 bp (Kupershmidt etal., 1998). 
The protocol ofPCR analysis was Usted in Appendix C. Simply speaking, 10 ^1 of 
cDNA template from RT reaction was mixed with 1 x PCR buffer, 0.2 mM dNTP 
mixture，1.5 mM MgCl2, 0.5 ^M of each sense and antisense primer, 2.5 KJ Taq DNA 
polymerase and autoclaved DEPC-treated water ofup to a total of 100 ^1.. A drop of 
sUicone oil was finaUy added to the top of the mixture to prevent loss of samples by 
evaporation whereas the sample was heated up to 94 °C during denaturation in PCR 
reaction. 
PCR ampHfication was performed as foUows: denaturation at 94 °C for 45 
seconds; annealing at 58 ®C for 90 seconds; extension at 72 ^C for 90 seconds; for 40 
cycles. AmpMcations were performed on a PTC-100 programmable thermal controUer 
(M. J. Res. Lic., Watertown MA, USA). The concentration of cDNA obtained was 
measured using UV spectrophotometer. The concentration of cDNA was calculated as 
foUows: 
P3NA] = Optical depth x Dilution factor x 50 
where 50 is the constant for DNA analysis at 260 nm. The PCR products were analyzed 
by loading 12 |ul sample on a 1% agarose gel using one 100-bp marker (GffiCO-BRL, 
Grand Island, New York, USA). 
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2.4,3,5 DNA Gel Electrophoresis 
DNA gel (1%) was prepared by mixing 0.5 g agarose with 50 ml 1 x TAE and 
boiling to dissolve agarose. Ethidium bromide (1 mg/ml), 15 ^il, was added to the 
mixture before the solidification of the gel. The gel was set in a 8-well gel setter. Then 
it was put in a gel tank containing sufficient 1 x TAE running buffer. At least 2 jiil DNA 
samples were mixed with 3 ^1 dye and added to the gel weU. The gel tank was connected 
to the power supply. DNA nucleotide, Hke RNA nucleotide, carried negative charges 
would migrate to the anode in the presence of electrical field. Again when two bands of 
dye were separated by a reasonable distance, the power was tumed off. The bands were 
visuaUzed under UV radiation. FinaUy, photos were taken as hard copy. 
2.4.4 Statistical Analysis 
All results were expressed as mean 士 SEM. Comparisons between groups of 
data were carried out using student's unpaired t-test. A P value less than 0.05 was 
considered to be significant. 
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3 Resuits 
3.1 Activation of Cystic Fibrosis Transmembrane Conductance 
Regulator (CFTR) in Response to NeurohormonaI Stimuli 
Summary 
In this study, we characterized the C1' conductance activated by adrenaline (1 
pM), prostaglandin (PG) E2 (5-10 ^iM), and PGF2a (100 ^M) in the mouse 
endometrial epithelial cells using the whole-cell patch-clamp technique. The whole-
cell currents activated by the above mentioned agonists exhibited a linear I-V 
relationship as well as time- and voltage-independent characteristics. However, the 
current magnitude varied with different agonists. The agonist-activated currents could 
be mimicked by an adenylate cyclase activator，forskolin (10 |nM), and suppressed by 
an adenylate cyclase inhibitor, MDL 12,330A, suggesting the involvement ofcAMP. 
They reversed at the equilibrium potential of C1" in the presence of a C1' gradient 
across the membrane indicating the activation of C1' conductance. Furthermore, they 
were inhibited by the C1" channel blocker diphenylamine 2-carboxylic acid (DPC), but 
not by the C1' channel blocker 4,4'-diisothiocyanatostibene-2,2'-disulfonic acid 
(DIDS). The anion selectivity sequence of the adrenaline-evoked current was NOs' > 
Br_ > Cr > r. These observed electrophysiological properties of the agonist-induced 
Cr conductances were consistent with those reported for the cAMP-activated C1" 
channel, cystic fibrosis transmembrane conductance regulator (CFTR), expressed in 
many epithelia. RT-PCR analysis also confirmed the expression ofCFTR in the mouse 
endometrial cells. Taken together, it appears that neurohormonal regulation of the 
67 




The uterus is known to be among the various organs that express the cystic 
fibrosis transmembrane conductance regulator (CFTR). It has been reported that 
CFTR is expressed differentially in the uterus of rodents and human during 
development and the estrous cycle (Mularoni et al.’ 1996; Tizzano et aL, 1993; 
Tizzano et al., 1994; Trezise & Buchwald, 1991; Trezise et al., 1993) and that the 
expression of its mRNA is under the influence of estrogen and progesterone 
(Mularoni et al., 1995; Rochwerger & Buchwald, 1993). Although CFTR has been 
shown to be a cAMP-activated C1' channel itself (Bear et al., 1992), no direct 
evidence of a cAMP-dependent C1' channel in the endometrial epithelium has been 
provided in any species. 
It has been previously demonstrated that the primary cultured mouse 
endometrial epithelium responds to adrenaline, noradrenaline, and prostaglandin (PG) 
E2 with increases in the short-circuit current {hc) that predominantly attributed to C1" 
and HCOs' secretion (Chan et al., 1997a; Fong & Chan, 1998a). These secretory 
responses appear to be mediated by intracellular cAMP and inhibited by the C1" 
channel blocker diphenylamine 2-carboxylic acid (DPC), suggesting possible 
involvement of a cAMP-activated C1" conductance. Similar studies on intact rat uteri 
have also demonstrated the involvement of cAMP in P-adrenoceptor-mediated 
stimulation of anion secretion (Levin & Phillips, 1983; Levin & Scargill, 1987; Levin 
& Sebkhi，1989). 
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In the present study, we further characterized the ion channels involved in 
mediating the secretory responses to adrenaline and to PGE2 and PGF2a in cultured 
mouse endometrial epithelial cells using the whole-cell patch-clamp technique. The 
results indicate that neurohormonal regulation of the uterine fluid in the mouse 
endometrium appears to converge on a cAMP-activated C1' channel that exhibits 
characteristics similar to those reported for CFTR. 
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Results 
Adrenaline-Activated Whole-Cell 0 Current 
The whole-cell current profile was elicited by a series of command voltages 
which ran from a holding potential 0 mV to potentials between -120 mV and 120 mV 
with 20 mV increment. The adrenaline-activated whole-cell current exhibited time-
and voltage-independent characteristics with a linear/-Frelationship (Fig. 3.1.1，n=5). 
In the presence of a C1' gradient (pipette 140 mM : bath 40 mM), adrenaline (1 ^iM) 
activated a whole-cell current that had a reversal potential of 24 士 0.5 mV (Fig. 
3.1.1C), close to the calculated C1" equilibrium potential, 30 mV, indicating the 
activation of C1' conductance. 
The adrenaline-activated whole-cell C1' current was mimicked by forskolin (10 
^iM), an adenylate cyclase activator. The forskolin-induced whole-cell current was 
time- and voltage-independent with a linear/-Frelationship (Fig. 3.1.2). It reversed at 
26 士 1 mV (Fig. 3.1.2C, n=7) in the presence of a C1" gradient, which was also close 
to the theoretical equilibrium potential calculated for C1", 30 mV, further indicating the 
activation of C1' conductance. 
Anion Selectivity of the cAMP-Dependent CI Conductance 
Ion channels can be characterized by their ion selectivity sequences. In the 
present study, the anion selectivity sequence was studied by examining the relative 
permeability of a number of monovalent anions to that of C1' {Px/Pcx). The shift in 
reversal potential was measured upon replacement ofthe test anion in a bath solution 
(n=6, Fig. 3.1.3), and Px!Pcx was calculated from the bi-ionic equation. The anion 
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selectivity sequence of the cAMP-dependent C1' conductance thus obtained was NO3" 
(3.07) > B f (1.95) > Cr (1.0) > r (0.20), consistent with that reported for cAMP-
activated C1" channel or CFTR in a number of epithelia (Anderson & Welsh, 1991; 
Chan etal., 1992; Cliff & Frizzell, 1990; Fuller & Benos, 1992; Huang etal., 1993). 
Prostaglandin (PG)-Stimulated Whole-Cell C1 Current 
To determine whether the cAMP-dependent C1' conductance was activated by 
other neurohormonal agents, the effect 0fPGE2 and PGF2a on the whole-cell current 
in mouse endometrial cells was also studied. PGE2 (5-10 ^iM) stimulated a whole-cell 
current similar to that evoked by adrenaline and forskolin, i.e., exhibiting time- and 
voltage-dependent characteristics with a linear I-V relationship (Fig. 3.1.4). In the 
presence of a C1" gradient (140 : 40, pipette : bath), the measured reversal potential 
for the PGE2-activated current was 26 士 3 pA/pF (n=8), close to the value of30 mV 
for Cr equilibrium potential. However, the PGE2-activated whole-cell current 
magnitude at 120 mV was significantly smaller than that observed with adrenaline 
stimulation, 25 士 3.1 pA/pF as compared to 39.0 土 5.2 pA/pF (n=5, P<0.04). 
In order to elicit significant current activation, a much higher concentration of 
PGF2cc (100 |iM) was used. As shown in Figure 3.1.5, a small increase in whole-cell 
current was obtained upon stimulation with PGF2a, and yet the current characteristics 
remained similar to other agonists-stimulated whole-cell currents. A further current 
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activation by forskolin after the stimulation with PGF2a, with similar current 
characteristics, was observed, suggesting the activation ofthe same C1" conductance. 
Figure 3.1.6 shows a comparison of whole-cell current magnitude elicited by 
different agonists at 120 mV. The result suggested an order of relative effect: 
forskolin > adrenaline > PGE2 » PGF2a. 
Sensitivity to CI Channel Blockers and Adenylate Cyclase Inhibitor 
It has been reported that the cAMP-activated C1' channel in many epithelial 
cell types exhibits a sensitivity to the C1" channel blocker, DPC, but not DIDS (Fuller 
& Benos, 1992). The present study also examined the sensitivity of the cAMP-
activated Cr channels to these two C1" channel blockers. While DIDS at 100 ^M, a 
concentration known to block other C1' channels, did not have a significant effect on 
the agonist-induced current (n=4), DPC (1 mM) blocked 99.8 士 0.8% (n=3) of the 
adrenaline-induced C1" current (Fig. 3.1.7). A similar effect ofDPC on the forskolin-
induced and PGE:-induced currents was also observed 
The involvement of cAMP in the activation of CI' conductance was further 
investigated using an adenylate cyclase inhibitor, MDL 12,330A. As shown in Fimirc 
3.1.8, MDL 12,330A (20 ^M) suppressed the subsequent PGE2-induced current 
indicating the involvement ofcAMP 
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Demonstration of CFTR expression by RT-PCR 
The expression of CFTR was demonstrated by RT-PCR. Primers were 
designed from mouse CFTR sequences. Band at 402 bp as expected for CFTR was 
obtained (Fig. 3.1.9). The expression of CFTR in mouse endometrial cells 
consolidated the electrophysiological findings of the involvement of CFTR in 
mediating a number of neurohormonal stimuli. 
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Discussion 
The present study has demonstrated the activation of C1" conductance upon 
stimulation with the neurohormonal agents adrenaline, PGE2 and PGF2a in mouse 
endometrial epithelial cells. The evidence supporting the involvement of C1' in 
mediating the agonist-activated whole-cell current includes 1) a reversal potential of 
the current close to the calculated theoretical equilibrium potential of Cl； and 2) the 
inhibition ofthe current by the Cl" channel blocker DPC. The agonist-activated whole-
cell current also exhibited characteristics similar to those reported for the cAMP-
activated Cr conductance found in many epithelial tissues (Anderson & Welsh，1991; 
Chan et al., 1992; Cliff & Frizzell, 1990; Fuller & Benos, 1992; Huang et al., 1993). 
These characteristics include a relatively linear I-V relationship, time- and voltage-
independency, and sensitivity of the current to DPC but not DEDS. Given these 
characteristics and an anion selectivity sequence ofNOs" > B f > C1' > I', the agonist-
activated current in mouse endometrial epithelial cells appears to be a cAMP-
activated Cr conductance similar to that found in other epithelia. It should be noted 
that the characteristics associated with the cAMP-activated C1' conductance observed 
in the present study are distinct from those associated with the Ca^^-activated C1' 
conductance previously observed in other epithelial cell types (Anderson & Welsh, 
1991; Chan et al., 1992; C l i f f& Frizzell, 1990; Fuller & Benos, 1992; Huang et al” 
1993). 
The fact that the agonist-activated current could be mimicked by the adenylate 
cyclase activator, forskolin, but suppressed by the adenylate cyclase inhibitor, MDL 
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12,330A, further suggests the involvement of cAMP. This is consistent with the 
previous findings on receptor-coupled signal transduction pathways in the mouse 
endometrial epithelium (Chan et al., 1997a; Fong & Chan, 1998a). Previous studies 
have demonstrated that the effect of adrenaline and noradrenaline on anion secretion 
is predominantly mediated by p-adrenoceptors, which are well-known G-protein-
coupled receptor leading to the activation of adenylate cyclase and production of 
cAMP. Studies on intact rat uteri also indicate the involvement of cAMP in the 
adrenaline-induced secretory response (Levin & Phillips, 1983; Levin & Scai*gill, 
1987; Levin & Sebkhi, 1989). Previous studies on mouse endometrial epithelia have 
also demonstrated that PGE2-stimulated anion secretion could be inhibited by an 
adenylate cyclase inhibitor, suggesting possible involvement of the cAMP-linked 
EP2/EP4 receptors (Fong & Chan, 1998a). It has been reported that PGF2a may also 
interact with EP2/EP4 receptors involved in a cAMP-dependent pathway (Negishi et 
"/., 1995). Thus, the secretory responses elicited by the cAMP-activating 
neurohormonal agents tested appear to converge on the cAMP-activated C1" 
conductance in mouse endometrial epithelial cells. It should be noted that the current 
magnitude elicited by different agonists varies, suggesting that different degrees of 
secretory response could be achieved by various neurohormonal factors. 
An interesting finding of the present study is the similarity in the 
electrophysiological properties found between the cAMP-activated C1" conductance 
and CFTR This raises the possibility that many of the neurohormonal responses in the 
mouse endometrium may be mediated by CFTR The demonstration of CFTR 
expression by RT-PCR analysis in the mouse endometrial cells is consistent with this 
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notion. CFTR has also been shown to be expressed in the uterus of a number of 
species including humans and rodents (Mularoni et al., 1996; Tizzano et al., 1993; 
Tizzano et al, 1994; Trezise & Buchwald, 1991; Trezise etal., 1993). Furthermore, 
CFTR expression is found to be regulated during development (Tizzano et al., 1993; 
Tizzano et a/., 1994) and during the estrous cycle (Trezise et al., 1993), and has been 
shown to be influenced by estrogen (Rochwerger & Buchwald, 1993) and 
progesterone (Mularoni et al., 1995). The highly regulated CFTR expression in 
uterine tissues suggests that CFTR may play an important role in the normal function 
of the uterus. This possibility may gain support from the present finding that 
neurohormone-regulated secretory responses converge on the cAMP-activated C1' 
channel, presumably CFTR. The importance of CFTR in uterine functions may be 
emphasized by the observation that women with cystic fibrosis (CF), the most lethal 
genetic disorder caused by mutations in the CFTR gene (Quinton, 1990; Welsh, 
1996), are less fertile than those not afflicted with CF (Kopito et al., 1973; Matthews 
& Drotar, 1984; Seale etal., 1985). However, the reasons for this observation are not 
well understood. While the reduced fertility in CF women is generally attributed to a 
dense, thick cervical mucus that forms a barrier for sperm penetration, the 
endometrium is not considered to be affected by CF. In contrast to this notion, the 
present study does indicate an important role of cAMP-activated C1" conductance in 
mediating a variety of neurohormonal responses in mouse endometrial epithelial cells. 
The precise role of the C1" conductance, presumably CFTR, in uterine functions 
remains to be elucidated. 
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In Summary, the present study is the first to provide direct evidence of a 
cAMP-activated C1' conductance, presumably CFTR, in mouse endometrial epithelial 
cells. An important role of the C1" conductance in uterine functions is implied by the 
observed convergence of a number of neurohormonal responses on the conductance 
and its similar characteristics to those of CFTR. Future investigations into the 
regulation of the channel during various reproductive events may help further to 
elucidate its role in the physiology and pathophysiology ofthe uterus. 
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Fig. 3.1.1 Characteristics of the adrenaline-activated whole-cell current. Whole-
cell current recordings prior to (A), and after (B) stimulation with adrenaline (1 ^iM, 
n=5). C) Corresponding I-V relationship obtained at 100 ms after voltage pulse. 
Currents were elicited by voltage pulses from a holding potential of 0 mV to 
potentials between - 120 mV to 120 mV with 20 mV increment. The reversal 
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Fig. 3.1.2 Characteristics of the forskolin-induced whole-cell current. Whole-
cell current recordings prior to (A), and after (B) stimulation with forskolin (10 ^iM, 
n=7). C) Corresponding I-V relationship obtained at 100 ms after voltage pulse. 
Experimental conditions were similar to those ofFig. 3.1.1. r^ev is 25.7 士 1.5 mV. 
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Fig. 3.1.3 Anion selectivity of the adrenaline-evoked conductance. The relative 
anion permeability was calculated from the mean of the measured reversal potential 
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Fig. 3.1.4 Characteristics of the PGE2-activated whole-cell current. Whole-cell 
current recordings prior to (A), and after (B) stimulation with PGE2 (5 ^iM, n=8). C) 
Corresponding /-「relationship obtained at 100 ms after voltage pulse. The reversal 
potential is 26 士 2.2 mV. 
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Fig. 3.1.5 Whole-cell current activated by PGFia and forskolin. Whole-cell 
current recordings obtained prior to (A), and after stimulation with 100 ^iM PGFia 
(B) and 10 ^iM forskolin (C). 
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Fig. 3.1.5 D) Corresponding I-V relationship obtained at 100 ms after voltage 
pulse. The PGF2a-activated whole-cell current reversed at 29.8 士 3.1 mV (n=4). 
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Fig. 3.1.7 Mubition of the cAMP-activated whole-cell current by the C1_ 
channel blocker, DPC. A) I-V relationship of the adrenaline-activated whole-cell 
current before and after adrenaline (1 ^iM) stimulation and the subsequent inhibition 
by DPC (1 mM). B) Statistical results showing the effect of DPC on individual 
agonist-induced whole-cell current magnitude at 120 mV. 
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Fig. 3.1.8 Inhibition of the agonist-induced current by adenylate cyclase 
inhibitor. Whole-cell current recordings before (A) and after stimulation with PGE2 
(B) in the presence of adenylate cyclase inhibitor, MDL 12,330A (20 ^iM, n=3). (C) 
Corresponding /-Frelationship curve of (A) and (B). 
87 
1 ‘ ‘ ‘ -¾ 
1 m 
^^M 
Fig. 3.1.9 RT-PCR analysis demonstrating the expression of CFTR in mouse 
endometrial cells. The two lanes, from left to right, are 100 bp DNA ladder and CFTR 
(402 bp), respectively. 
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3.2 Inhibition of Na+ Absorption by CFTR 
Summary 
Previous studies have demonstrated amiloride-sensitive Na+ absorption under basal 
condition and CFTR-mediated C1" secretion upon neurohormonal stimulation in the mouse 
endometrial epitheUum. The present study investigated the possible mechanisms governing 
Na+ and C1" transport in the mouse endometrium using the short-circuit current technique. 
RT-PCR demonstrated the co-expression ofCFTR and epitheHal Na+ channels (ENaC) in 
primary cultured mouse endometrial epitheHa. The cultured endometrial monolayers 
exhibited an amiloride-sensitive current of 5.4 士 0.6 i^A/cm^ under basal condition. 
However, the amiloride-sensitive current was reduced to 3.1 土 0.5 i^A/cm^ after 
stimulation with forskoHn. When possible contribution ofNa+ absorption to the Isc was 
eHminated by amiloride (1 \iM), or Na+ replacement, the forskoHn-induced Isc was not 
reduced but rather significantly larger than that observed in the absence of amiloride in 
Na+-containing solution (P<0.02), indicating that the forskoUn-induced Isc was mediated 
by Cr secretion, portion of which may be masked by concurrent inhibition ofbasal Na+ 
absorption if contribution ofNa+ was not eHminated. When the contribution o f C r to the 
/sc was eUminated by diphenylamine-2-carboxyUc acid (DPC, 2 mM) or C1' replacement, 
forskoUn induced a decrease, rather than an increase, in the Isc, demonstrating the 
inhibition ofNa+ absorption upon stimulation. Amiloride-sensitive Isc could be varied by 
culture condition. An inverse relationship between the level of amiloride-sensitive current 
and the magnitude of the CFTR-mediated hc was observed, indicating possible 
suppression of CFTR by ENaC. Our data suggest an interaction between CFTR and 
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ENaC, which may be the underlying mechanism for balancing Na+ absorption and C1' 
secretion across the mouse endometrial epitheHum. 
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Introduction 
Both Na+ absorption and C1' secretion are important processes in many epithelia. 
The coordination ofthese opposing processes determines the luminal fluid environment on 
which many physiological functions, such as mucociHary clearance in the airways and 
sperm motiHty and embryo implantation in the uterus, criticaUy depend. The switching 
between Na+ absorption and C1" secretion is fundamental for epithelial function; however, 
the mechanism governing these opposing processes is poorly understood. Recent 
demonstrations that epitheUal Na+ channels (ENaC) can be inhibited by activation of 
CFTR (Ecke et al.，1996; Ismailov et al., 1996; Kunzeknann et al., 1997; Letz & 
Korbmacher, 1997; Mall etal., 1996; Stutts etal.’ 1995; Stutts etal., 1997) has begun to 
explain how salt and water transport may be regulated by switching from basal Na+ 
absorption to C1' secretion upon stimulation. However, most of these studies have been 
performed on isolated ceUs, reconstituted systems or expression systems, and studies on 
epitheHa with endogenously expressed CFTR and ENaC are scarce. 
Recent studies on primary cultures of mouse endometrial epitheUum have 
demonstrated predominant Na+ absorption under basal condition but mostly anion 
secretion upon stimulation (Chan et al., 1997a; Chan et al., 1997b; Chan et al., 1997c; 
Fong & Chan^  1998). It has been demonstrated that the cultured endometrial epitheUum 
responds to adrenaHne, noradrenaHne, PGEz and forskoHn with increases in the short-
circuit current which can be predominantly attributable to C1" and HCOs" secretion. These 
secretory responses appear to be mediated by intraceUular adenosine 3',5'-cycUc 
monophosphate (cAMP), and inhibited by C1" channel blocker, diphenylamine-2-carboxylic 
acid pPC). Activation of a cAMP-dependent C1" channel in response to these 
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secretagogues with electrophysiological properties similar to that reported for CFTR has 
been demonstrated in patch-clamp studies (section 3.1). Together with the demonstrated 
expression ofCFTR in the mouse endometrial cells (section 3.1), these results suggest that 
secretagogue-stimulated Cl" secretion in the mouse endometrium is mediated by CFTR. 
The present study has further investigated possible interaction between CFTR and ENaC 
in the mouse endometrial epithelium. Li addition to the inhibition ofENaC by CFTR, the 
present study has also demonstrated the suppression of CFTR-mediated C1' secretion by 
enhanced expression ofENaC. 
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Results 
RT-PCR demonstration of co-expression ofCFTR and ENaC 
The co-expression of CFTR and ENaC in the primaty cultures of endometrial 
epitheUal ceUs was demonstrated by RT-PCR. Using primers designed from mouse 
sequences for CFTR and ENaC a and p subunits, bands at 402, 507 and 353 bp as 
expected for CFTR, ENaC a and P subunits, respectively, were obtained (Fig. 3.2.1). The 
co-expression of CFTR and ENaC enabled us to investigate their possible interaction in a 
tissue where both of them are endogenously expressed. 
Inhibition of amiloride-sensitive /sc upon forskolin stimulation 
The primaty cultured mouse endometrial epitheUa had mean transepitheUal resistance of394.7 士 
28.5 MD (ranged between 225-900 MH, n>60) and estabUshed an average transepitheUal potential of 4.9 
士 0.2 mV under openK i^rcuit condition. Jn a set of cultured endometrial epithelia exhibiting an 
averaged basal current of9.3 土 0.5 ^iA/cm^(n=16), addition ofamHoride (1 ^M) resulted 
in a reduction in the Isc of 5.4 士 0.6 ^iA/cm^ under unstimulated condition (Fig. 3.2.2A). 
However, in epithelia with similar basal current of 9.5 土 0.5 ^iA/cm^ (n=12), the 
amiloride-sensitive current was reduced to 3.1 士 0.5 ^iA/cm^ (P<0.02) after stimulation 
with 10 ^iM forskolin (Fig. 3.2.2B), suggesting inhibition of basal Na+ absorption upon 
stimulation with forskolin. In the presence of amiloride (1 ^M), under which condition 
change in the /sc contributed by Na+ was eUminated, forskoUn induced an increase in Isc, 
8.7 土 0.7 ^iA/cm^ (n=16, Fig. 3.2.2A), which was 40% greater than that observed in the 
absence of amiloride (6.2 士 0.8 i^A/cm^, n=12, Fig. 3.2.2B). However, after stimulation 
with forskoHn, the Isc, in both cases ^¾. 3.2.2A & B), could be inhibited by C1" channel 
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blocker, DPC (2 mM), to the same extent, c = c，OFig. 3.2.2C), suggesting that the 
forskoHn-induced anion secretion was the same in both cases and that the apparent 
difference in the forskonn-induced Isc in both cases could not be attributed to C1" secretion, 
but rather, inhibition ofbasal Na+ absorption. These results indicated concurrent activation 
ofanion secretion (upward current) and inhibition ofNa+ absorption (downward current) 
upon forskoHn stimulation. Portion of the forskoHn-activated upward anion secretion was 
masked by downward inhibition of basal Na+ absorption, and therefore, the resultant 
forskoHn-induced/sc (denoted as b，in Fig. 3.2.2B) was smaUer than the forskoHn-induced 
/sc mediated by anion secretion alone (denoted as b in Fig. 3.2.2A) when the contribution 
fromNa+ absorption was aboUshed by amiloride. The difference between h and b，was due 
to inhibition of Na+ absorption, which was the same as the difference between the 
amiloride-sensitive Isc before (denoted as a. Fig. 3.2.2A) and after (denoted as a，，Fig. 
3.2.2B) stimulation with forskoHn, as shown in Fig. 3.2.2C. 
Effect of apical replacement ofNa+ 
Alternatively, we eUminated the contribution ofNa+ absorption to Isc by replacing 
apical Na+ with impermeable cation, NMDG+. The forskoHn-induced Isc in Na+-free 
solution, similar to that observed in the presence of amiloride, was significantly greater 
than that observed in normal Na+-containing solution, 12.8 土 0.8 i^A^cm^ (n=5), as 
compared to 8.4 土 0.3 ^iA/cm' OP<0.01, n=3，Fig. 3.2.3). This experiment also revealed 
portion of the anion secretion normaUy masked by the inhibition of basal Na+ absorption 
upon stimulation with forskoHn. 
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Demonstration of the forskolin-induced inhibition ofNa+ absorption by eliminating 
Cr contribution 
Mdbition of Na+ absorption upon stimulation with forskoHn, as indicated by a 
downward Isc, could be demonstrated if the upward Isc contributed by anion secretion 
was eHminated either by Cl" channel blocker, DPC, or replacement ofthe major anion, Cl； 
in the bathing solution. Fig. 3.2.4 shows that in the presence of apical DPC (2 mM), 
forskoUn (10 pM) induced a reduction, rather than an increase, in Isc (or a downward Isc), 
_1.8 士 0.4 i^A/cm^ (n=8), indicating an inhibition ofNa^ absorption upon stimulation with 
forskoUn. However, in some cases (n=8), forskoHn did not induce either an increase nor 
decrease in Isc in the presence ofDPC (see Discussion). Similarly, when external C1' was 
replaced, a decrease instead of increase in Isc upon forskoHn stimulation was observed,-
1.2 士 0.3 ^iA/cm^(n=15, Fig. 3.2.5). toerestingly, when both external Cl" and HCO3" were 
replaced, no significant reduction in Isc was observed (Fig. 3.2.5). 
Li some cases, cultured epitheUa exhibited a relatively high basal current (> 20 
i^A/cm^), which could be ahnost entirely blocked by amiloride (Fig. 3.2.6A), indicating 
predominant Na+ absorption and excluding significant anion secretion under basal 
condition. Cultured epitheHa exhibiting the same high basal current responded to forskoHn 
with a reduction in Isc, further demonstrating inhibition of basal Na+ absorption upon 
forskoHn stimulation ^Fig. 3.2.6B & C). 
Relationship between the amUoride-sensitive and forskolin-induced Isc 
Variations in basal /sc observed for different batches of cultured endometrial 
epithelia were probably due to variations in ceU density since isolated ceUs formed clumps 
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which prevented accurate ceU counting. Merestingly, the distribution ofthe level ofbasal 
/sc 魄.3.2.7A) showed a correlation between elevated basal Isc and increased amiloride-
sensitive/sc. An inverse relationship was observed between the basaI/sc and the forskoHn-
induced Isc, as shown in Fig. 3.2.7B. We studied these relationships more careMy by 
analyzing data from three groups of ceUs exhibiting an averaged basal Isc of 7.9 士 0.5， 
15.1 士 0.7 and 22.8 士 0.3 i^Ay^ cm^ • As shown in Fig. 3.2.8, the amiloride-sensitive Isc 
increased as basal Isc increased but the forskolin-induced Isc in the presence ofamiloride, 
where the resultant Isc was mediated by anion secretion, decreased with elevated basal Isc. 
This suggested that elevated level of basal hc and hence the amiloride-sensitive kc 
somehow interfered with cAMP-dependent activation of anion secretion, previously 
demonstrated to be mediated by CFTR, in the endometrial epitheHa (section 3.1). 
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Discussion 
Previous studies on the cultured mouse endometrial epitheHum have demonstrated 
that the secretory responses to a number of neurohormonal agents including adrenaHne, 
PGE2 as weU as forskoUn are mainly mediated by C1" and HCOs' secretion involving a 
cAMP-dependent mechanism (Chan et aL, 1997a; Fong & Chan，1998). The presence of 
CFTR and its involvement in mediating these secretory responses to neurohormonal 
agents have been demonstrated in the mouse endometrial ceUs (please refer to section 3.1). 
The presently demonstrated co-expression of CFTR and ENaC in cultured endometrial 
epitheUal ceUs enabled us to investigate possible interaction between the two in a native 
system since most of the reported studies were performed in expression systems where 
CFTR and ENaC are exogenously introduced. 
The present results have demonstrated the inhibition ofthe amiloride-sensitive Na+ 
absorption upon stimulation with forskolin. This line ofevidence has come from the short 
circuit current analysis. First of all, the amiloride-sensitive current was attenuated after 
stimulation with forskolin. Secondly, when the contribution ofNa+ absorption to the Isc 
was eliminated either by amiloride or replacement of Na\ the forskolin-induced upward 
/sc, contributed by anion secretion only under these conditions, was significantly greater 
than that observed when Na+ contribution was not eliminated. This increase might be 
interpreted as a result of releasing the inhibitory effect ofNa+，possibly mediated by ENaC, 
on anion secretion, presumably mediated by CFTR. However, other evidence suggests 
that this is not the case. The sensitivity of the hc to CI' channel blocker DPC after 
stimulation with forskolin is the same regardless the presence ofamiloride suggesting that 
the net increase in the forskolin-induced anion secretion is the same in both cases. This, 
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together with the observed reduction in amiloride-sensitive Isc after forskolin stimulation, 
suggests that a portion of the forskolin-induced anion secretion is normally masked by the 
downward /sc due to concurrent inhibition of basal Na+ absorption upon stimulation. 
Thirdly, when the contribution of C1' to the Isc was eUminated either by DPC or 
replacement of external C1", a downward instead of upward current upon forskoHn 
stimulation was observed, demonstrating the forskoUn-induced inhibition of Na+ 
absorption. Further evidence came from studies on epithelia exhibiting relatively high basal 
/sc, which could be almost entirely attributed to Na+ absorption and could be inhibited by 
addition offorskoUn. Taken together, these results suggest concurrent activation ofanion 
secretion and inhibition ofNa+ absorption upon cAMP stimulation, which are most Hkely 
to involve both CFTR and ENaC. 
Activation of CFTR has been demonstrated to inhibit ENaC in a number of 
expression systems (Briel et al.，1998; Ismailov et al., 1996; Kunzehnann et al.，1997; 
Letz&Korbmacher, 1997;MaUe^a/., 1996; Stutts et al., 1995; Stutts etal, 1997). This 
could be the underlying mechanism for the presently demonstrated forskoHn-induced 
inhibition ofNa+ absorption. The sensitivity of the basal hc to amiloride and the previously 
demonstrated involvement of CFTR in mediating the cAMP-activated anion secretion 
suggest that the inhibition ofNa+ absorption upon stimulation with forskoHn observed in 
the endometrial epithelium is Hkely to be due to the inhibition of ENaC by activation of 
CFTR. This possibiUty is strengthened by the demonstration of co-expression of both 
CFTR and ENaC in the primary culture of endometrial epithelial ceUs. Mubition ofENaC 
by activation of CFTR in Xenopus oocytes co-expressing the two has been demonstrated 
to be strongly dependent on the anion permeabiHty of CFTR (Briel et al., 1998). The 
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ability of CFTR to inhibit ENaC was found to be significantly reduced either when 
extracellular C1' was replaced by poorly conductive anions or when CFTR was inhibited by 
DPC. While our observation ofinhibition ofNa+ absorption upon forskoUn stimulation in 
the presence ofDPC and Cl"-free solution may appear to contradict with the above report, 
carefUl analysis of our data suggests otherwise. Jn the present study, while inhibition of 
Na+ absorption upon forskoUn stimulation can be observed in the presence of DPC in 
some experiments, no inhibition was observed in some cases. On the other hand, while 
inhibition ofNa+ absorption was observed in Cl'-free solution, no inhibition was observed 
when both C1' and HCCV were replaced. These results can be interpreted as to suggest 
that residual anion perrneabmty through CFTR, i.e., by HCO3" or when DPC is not able to 
block CFTR completely, is sufficient to inhibit ENaC. It should be noted that permeabiHty 
ofHCO3" through CFTR has been demonstrated in a number of ceUs (Chan et cd., 1996; 
Hogan et al., 1997; Dlek et al., 1997; Poulsen et al.’ 1994). Previous studies have shown 
significant contribution of UCO3 to the cAMP-activated Isc in mouse endometrial 
epithelium (Chan et al., 1997a; Fong & Chan^  1998), which has been demonstrated to be 
mediated by CFTR (section 3.1). 
Li addition to the demonstration of inhibition ofNa+ absorption by activation of 
CFTR, the present study has also indicated possible suppression of CFTR by elevated 
level ofENaC. A wide distribution of the levels ofbasal Isc has been found from culture to 
culture, which is correlated with the level of the amiloride-sensitive /sc, presumably due to 
variations in ENaC expression. This is attributed to variations in plating ceU density for 
cultures since isolated ceUs form clusters. Plating ceU density is roughly determined from 
the isolated ceU peUet, which prevents accurate ceU counting. This may affect the culture 
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conditions that give rise to the variations in the level of amiloride-sensitive /sc observed. 
As the level ofthe amiloride-sensitive Isc increases the CFTR-mediated anion secretion is 
found to be decreased. This suggests enhanced level ofENaC expression may somehow 
interfere with CFTR function. Similar observation has been reported on airway epitheUal 
ceUs which have been subject to different culture conditions to enhance ENaC expression 
(Ismailov et al., 1996; Kunzehnann et al,, 1997; MaU et al., 1996; Stutts et al., 1995; 
Stutts et al., 1997). Attenuated CFTR-mediated C1" conductance was found to be 
associated with enhanced ENaC expression. 
There are a number of possible mechanisms underlying the interference with 
CFTR function by enhanced level ofENaC expression. First, suppression ofCFTR may be 
due to reciprocal expression of CFTR and ENaC - enhanced ENaC expression somehow 
suppresses CFTR expression. This appears to be unHkely, at least at the messenger level as 
demonstrated by RT-PCR that CFTR was not affected when ENaC mRNA is elevated 
after treatment with aldosterone (Kunzelmann et al., 1996). It is yet to be demonstrated 
the expression pattern of the two channels at the protein level using western blot analysis 
or immunohistochemistry when antibodies against ENaC become commerciaUy available. 
Changes in protein-protein interaction due to enhanced ENaC expression may be another 
reason for the observed inhibitory effect of ENaC on CFTR. The exact mechanism by 
which enhanced ENaC expression interferes with CFTR function awaits further 
investigation. 
Thus, the present study has demonstrated for the first time the possible interaction 
between CFTR and ENaC in endometrial ceUs where both CFTR and ENaC are co-
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expressed endogenously. Li addition to confirming an inhibitory effect on ENaC by 
activation of CFTR, the present study has provided evidence suggesting possible 
suppression ofCFTR by enhanced ENaC expression. It could be argued that activation of 
CFTR or enhanced expression of ENaC could result in reduced driving force for Na+ 
absorption or C1' secretion, respectively, and therefore, giving rise to the observed 
inhibition ofENaC or suppression of CFTR, respectively. It should be noted, however, 
that the inhibition ofENaC or suppression ofCFTR were observed even in the presence of 
DPC or amiloride, which should have blocked the attenuating effect on the driving force 
for opposite ion transport due to activation of CFTR or enhanced ENaC expression. 
Therefore, there appears to be an interaction between CFTR and ENaC in the mouse 
endometrial epitheUum. The inhibition ofENaC upon activation ofCFTR may provide a 
mechanism for switching from predominant Na+ absorption under basal condition to 
predominant anion secretion upon stimulation. On the other hand, the observation that the 
level of ENaC expression interferes with CFTR function may also have physiological 
significance. The endometrium undergoes various changes in response to changing levels 
of estrogen and progesterone. While preparing the endometrium for implantation, 
changing levels of hormones may also affect the expression of ENaC, which, when 
elevated, suppresses CFTR-mediated C1' secretion, thereby preconditioning the 
endometrium in favor of overall Na+ absorption. Therefore the interplay between CFTR 
and ENaC may determine the deUcate balance between C1" secretion and Na+ absorption, 
thereby creating an optimal uterine fluid environment for sperm motility, embryo 
implantation and development. 
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Fig. 3.2.1 RT-PCR analysis demonstrating the co-expression of CFTR and ENaC 
in primary cultured mouse endometrial epithelia. CFTR and ENaC primers were 
designed from mouse cDNA sequences. Lane 3-5 are the bands expected for CFTR 
(402 bp), a-ENaC (507 bp) and p-ENaC (353 bp) respectively. Lane 2 is p-actin (643 
bp) and lane 1 and 6 are 100 bp DNA ladder. 
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Fig. 3.2.2 Inhibition of amiloride-sensitive Isc upon forskolin stmiulation. A) 
Representative Isc recordmg showmg Isc attributed to amiloride-sensitive basal Na+ 
absorption (a), forskolm-mduced anion secretion (b) and DPC-sensitive Isc (c') 
(n=16). B) Representative Isc recordmg demonstratmg the reduction of amiloride-
sensitive Isc {a') upon stmiulation, and forskolin-mduced hc (b，) (n=12). Horizontal 
bar indicates zero Isc. (C) Statistical results showing the difference between forskolm-
induced Isc in the presence (b，）and absence of amiloride (b), and the difference 
between amiloride-sensitive Isc before (a) and after stunulation (a，). Note that DPC-
sensitive hc remamed the same (c = c') suggestmg that forskolm mduced same 
amount of C1' secretion. Columns and bars are means 士 SEM. 
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Fig. 3.2.3 Effect of apical replacement ofNa+ on the forskolm-mduced Isc. /sc 
recordmgs showmg forskolm-mduced Isc m normal K-H solution (A) and Na+-free 
solution (B). Apical Na+ ware replaced with mipermeable cation NMDG+ (n=6). C) 
Statistical results showmg a significant (P<0.01) mcrease m the forskolm-mduced Isc 




I j||UUUlU||j 5 mm 
w 
NliaUMMJ 
A A A 
DPC Fors Amil 
B (2mM) ( 1 0 _ ) ( 1 _ ) 
10 -
8 -
I 1 cs s -
^ 
1 6 -I I u 
s" -





• ^M o 2 -^ fe -uu 
0 
-2 L I 
Control DPC 
Fig. 3.2.4 Demonstration of inhibition of Na+ absorption upon forskolin 
stimulation in the presence of DPC. A) Isc recording showing downward forskoIin-
induced hc observed in the presence of C1" channel blocker, DPC B) Comparison of 
forskolm-induced /sc m the absence (n=6) and presence of DPC (n=8). Note that in 
the presence ofDPC forskolin induced a downward current instead ofupward current 
which was observed m the absence of DPC, indicatmg the inhibition of basal Na" 
absorption upon forskolin stunulation. 
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Fig. 3.2.5 Effect of amon replacement on the forskolin-mduced Isc. Statistical 
results comparing the forskolm-induced Isc m Cl"-free (n=15) and ClTHCOs -free 
(n=4) solution (P<0.05). CY and HCO3- were replaced with impermeable anion, 
gluconate. Note that a downward current which indicates the inhibition of Na+ 
channels was observed when C1' was replaced. However, when both C1' and HCOs" 
were replaced, no inhibition of hc was observed. 
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Fig. 3.2.6 Demonstration of forskolin-induced inhibition of amiloride-sensitive 
current in endometrial monolayers exhibiting high basal current (Aasai > 20 fiAyW). 
/sc recordmgs showmg amiloride-sensitive hc in the absence (A) and presence (B) of 
forskolm. C) Statistical analysis showmg the portion of amiloride-sensitive hc to the 
basal /sc was sigmficantly (P<0.05) reduced upon forskolm stunulation (n=10). 
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Fig. 3.2.7 Correlation of the amiloride-sensitive and forskolm-mduced Isc with 
basal Isc. A) Current magnitude showmg a dependence of amiloride-sensitive Isc ( • ) 
on the basal Isc’ the larger the basal current, the greater the amiloride-sensitive /sc. B) 
Current magnitude showmg an mverse relationship between forskolm-mduced Isc (〇) 
and the basal Isc. Note that the forskolm-mduced Isc reverses its du*ection when basal 
Isc reached 18 ^ iAy^ cm .^ 
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3.3 Pyrimidinoceptors-activated Ca^^-dependent C1" 
Conductance 
Summary 
Previous studies have demonstrated the activation ofendometrial C1" secretion 
by extracellular ATP through P2Y2 (P2u) purinoceptors. The present study further 
explored the presence of pyrimidine-sensitive receptors in the primary cultured mouse 
endometrial epithelial cells using the short-circuit current (Jsc) and whole-cell patch-
clamp techniques. UDP induced a transient increase in Isc in a concentration-
dependent manner (EC50 « 8.84 ^M). The UDP-induced Isc was abolished after 
pretreating the epithelia with a calcium chelator, 1,2-bis-(2-aminophenoxy)-ethane-
N,N,N'N'-tetraacetic acid - acetomethyl ester (BAPTA-AM), suggesting the 
dependence of the Isc on cytosolic free Ca。+. The type of receptors involved was 
studied by cross-desensitization between ATP and UDP. ATP or UDP desensitized its 
subsequent Isc response. However, when ATP was added after UDP, or vice versa, a 
second /sc response was observed, indicating the activation of distinct receptors, 
possibly pyrimidine-sensitive receptors in addition to P2Y2 (P2u) receptors. Similar 
results were observed in the whole-cell patch-clamp experiments where UDP and 
ATP were shown to sequentially activate whole-cell current in the same cell. The 
UDP-activated whole-cell current exhibited outward rectification with delay 
activation and inactivation at depolarizing and hyperpolarizing voltages, respectively. 
In addition, the UDP-evoked whole-cell current reversed near the equilibrium 
potential of C1" in the presence of a C1' gradient across the membrane, and was 
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sensitive to 4,-4'-diisothiocyanostilbene-2,2'-disulfonic acid (DmS), indicating the 
activation of Ca^^-activated C1" conductance. These characteristics were very similar 
to that ofthe ATP-activated whole-cell current. Taken together, our findings indicate 
the presence of distinct receptors, pyrimidinoceptors and P2Y2 (P2u) receptors in 
mouse endometrial epithelial cells. These distinct receptors appear to converge on the 
same Ca^^-dependent C1' channels. 
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Introduction 
It has long been recognized that extracellular adenosine nucleotides regulate a 
wide spectrum of physiological responses by activation of cell surface receptors 
(Dubyak & El-Moatassim, 1993). Accumulated evidence also suggests that 
extracellular uridine nucleotides regulate important physiological responses through 
specific pyrimidine-sensitive receptors, the existence of which have been postulated 
more than 20 years ago (Urquilla, 1978). Although evidence for regulated release of 
uridine nucleotides is sparse, the high selectivity of several ofthe cloned receptors to 
UTP or UDP suggests an important role of extracellular uridine nucleotides in 
regulating physiological functions. The activation of endogenously expressed 
pyrimidinoceptors by uridine nucleotides, but not adenosine nucleotides, was first 
reported in 1994 in the study of the rat glioma cells (Lazarowski & Harden, 1994). 
Since then, pyrimidinoceptors have been successfully cloned from human genomic 
cDNA (Communi et al., 1995) and rat aortic smooth muscle cells (Chang et al., 
1995). Recently, mechanically induced release of UTP has been demonstrated in 
1321N1 human astrocytoma cells, further indicating a physiological role of uridine 
nucleotide receptors (Lazarowski et aL, 1997). Furthermore, UDP, in addition to 
ATP，has been recently demonstrated to regulate C1" secretion through specific 
pyrimidinoceptors in airway epithelial cells (Lazarowaki et al., 1997) and equine 
sweat gland cells (Ko et al., 1997; Wilson et al., 1998). However, the type of ion 
channels involved in mediating the UDP-induced secretory response has not been 
elucidated. 
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The involvement of P2Y2 (P2u) receptors in mediating extracellular ATP-
induced C1' secretion has been reported in a number of secretory epithelia including 
the epididymis (Wong, 1988; Chan etal； 1995), CF pancreatic duct cells (Chan etal., 
1996) and endometrial epithelium (Chan et al., 1997c). In this study, we undertook 
the cross-desensitization experiments using both the short-circuit current and whole-
cell patch-clamp techniques to demonstrate the existence of pyrimidinoceptors in the 
endometrial epithelial cells. We also characterized the C1" conductance activated by 
UDP and found that the UDP-linked pyrimidinoceptors and ATP-activated P2Y2 (P2u) 
receptors converge on the same Ca^^-dependent C1' channel. The existence of 
pyrimidinoceptors in the endometrial epithelial cells suggests a potential physiological 




UDP-induced h c 
The primary cultured mouse endometrial epithelial monolayers responded to 
apical UDP (100 ^iM) with a prompt increase in the Isc which usually returned to 
basal level in 5 minutes (Fig. 3.3.1A). The UDP-evoked hc was very similar to that 
induced by the apical addition of ATP (10 ^iM) (Fig. 3.3.1B), which has previously 
been demonstrated to activate Ca^^-dependent C1' secretion in the mouse endometrial 
epithelial cells (Chan et al., 1997c). About 56% ofthe UDP-induced hc responses (38 
out of68) exhibited biphasic characteristic: a large, rapid and transient peak followed 
by a relatively small and sustained peak. In this study, only the first peak was 
analysed. The dose-response curve in figure 3.3.2 shows concentration-dependent 
effect ofUDP on the hc (EC50 at about 8.84 ^M). The mean UDP (100 ^M)-induced 
/sc is 9.35 士 0.5 ^A/cm^ (n=20). 
Dependence of intracellular free Ca�+ 
In order to see if the UDP-induced /sc depends on cytosolic free Ca〗+, the 
epithelia were pretreated with a Ca〗+ chelator, BAPTA-AM (50 ^iM, apical and 
basolateral). As shown in figure 3.3.3, the UDP response was abolished when possible 
contribution of intracellular free Ca^ ^ was eliminated by increasing cytosolic Ca '^ 
buffering capacity with BAPTA-AM This suggests that the UDP-induced h(’ in 
mouse endometrial epithelial cells is Ca^"-dependent. 
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Sensitivity to DD)S and DPC 
UDP responses were greatly reduced in the presence of C1' channel blockers, 
either DEDS or DPC. 
Involvement of pyrimidinoceptors 
Cross-desensitization experiments were conducted to see i f the same or 
distinct types of receptors were involved in mediating the UDP and ATP responses. 
The epithelia were repeatedly challenged with ATP of the same concentration (100 
pM) (Fig. 3.3.4A) followed by UDP (100 ^M) stimulation. The epithelia showed 
desensitization to the second challenge of ATP but responded to the subsequent UDP 
stimulation although the Isc response was greatly reduced. Similar result was obtained 
when the order of drug addition was reversed. However, UDP showed less cross-
desensitization with ATP-activated receptors, presumably P2Y2 (P2u) receptors, since 
UDP did not greatly suppress the subsequent Isc activation by ATP (Fig. 3.3.4B). 
Taken together, cross-desensitization experiment indicated the activation of distinct 
receptor subtypes, the pyrimidinoceptors by UDP, and P2Y2 (P2u) purinoceptors by 
ATP, in mouse endometrial epithelial cells. 
The presence of pyrimidinoceptors which are sensitive to UDP stimulation 
was further demonstrated using the whole-cell patch-clamp technique. As illustrated 
in figure 3.3.5, UDP (100 ^iM) and ATP (100 ^iM) sequentially evoked whole-cell 
current in the same patch-clamped endometrial epithelial cells (n=3). The tracings 
were the time-dependent changes in whole-cell current elicited by a command voltage 
of 120 mV which was given at a 3.25-second interval. Repeating challenge of cells 
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with the same nucleotides, UDP, did not give rise to the second response (Fig. 
3.3.5A). However, ATP activated a whole-cell current, after current activation by 
UDP (Fig. 3.3.5B), indicating little cross-desensitization between UDP and ATP. This 
could only be the case when UDP and ATP independently activated whole-cell 
currents through distinct receptors, presumably pyrimidinoceptors and P2Y2 (P2u) 
receptors. 
UDP-evoked whole-cell current 
In order to characterize the type of ion channels involved in mediating the 
UDP-activated Isc in the endometrial epithelial cells, we examined the whole-cell 
current profile elicited by UDP. Whole-cell current was generated under a series of 
command voltage pulses which ran from 0 mV to potentials between -120 mV and 
120 mV with 20 mV increment. UDP (100 ^iM) evoked 21-fold increase in the peak 
whole-cell current at 120 mV (Fig. 3.3.6B). The UDP-induced whole-cell current 
exhibited delayed activation and inactivation at depolarizing and hyperpolarizing 
voltages, respectively, with outward rectifying current-voltage (I-V) relationship (Fig. 
3.3.6C). In the presence of a C1" gradient (pipette 140 mM : bath 40 mM), the reversal 
potential of the UDP-induced whole-cell currents was 22.7 士 2.9 mV (n=7) which 
was close to the calculated equilibrium potential for Cl； 30 mV, indicating the 
activation of C1' conductance. 
Sensitivity to C1 channel blocker DIDS 
The Cr channel blocker, DEDS, was well documented to block Ca〕+-
dependent C1" channels in many epithelial cells. At a concentration of 100 ^iM, DIDS 
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inhibited most of the UDP-evoked whole-cell current (n=6). As summing up in figure 
3.3.7, 99.7 ± 0.2% of the UDP-activated peak currents at depolarizing voltage, 120 
mV, were inhibited (P<0.001) by DK)S. The high sensitivity of the UDP-evoked 
whole-cell current to DH3S indicated the activation ofCa^^-dependent C1" channels. 
Comparison to the ATP-activated whole-cell current 
The UDP-induced whole-cell current profile was similar to that elicited by 
ATP (Fig. 3.3.8). Concentration ofUDP and ATP used in the whole-cell patch-clamp 
experiments was 100 ^M. Both UDP- and ATP-activated whole-cell current showed 
time and voltage dependency: delayed activation at depolarizing voltages and delayed 
inactivation at hyperpolarizing voltages with an outwardly rectifying I-V relationship. 
The UDP- and ATP-induced whole-cell current reversed at 22.7 士 2.9 mV (n=7) and 
26 士 1.1 mV (n=8) respectively, close to the theoretical equilibrium potential of C1". 
Together with the high sensitivity of the UDP- and ATP-evoked whole-cell current to 
DmS, this study indicates that UDP and ATP converged on the Ca^ -^dependent C1" 
channels although they activated distinct receptors. 
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Discussion 
The present study has demonstrated the presence of pyrimidinoceptors in the 
mouse endometrial epithelium which has been previously shown to respond to 
extracellular ATP via the activation of P2Y2 (P2u) receptors (Chan et al., 1997c). 
Supporting evidence for the existence of pyrimidinoceptors came from the study of 
cross-desensitization between UDP and ATP. Upon stimulation, the cultured epithelia 
promptly lose the sensitivity to the same nucleotides due to receptor desensitization. 
Additive of current response to different nucleotides should suggest the involvement 
of distinct receptors. Since neither ATP nor UDP induced complete cross-
desensitization, it indicates that UDP and ATP act on pharmacologically distinct 
receptors, presumably UDP for pyrimidinoceptors, and ATP for P2Y2 (P2u) receptors. 
Cross-desensitization experiments using whole-cell patch-clamp technique also 
confirm the presence of these receptors in endometrial epithelial cells. UDP and ATP 
sequentially activated whole-cell current in the same patch-clamped cells indicating 
the presence of two distinct types of receptors in the same cell population. Taken 
together, our data suggest the existence ofUDP-stimulated pyrimidinoceptors in the 
mouse endometrial epithelial cells in addition to the previously reported ATP-linked 
P2Y2 (P2u) receptors. 
There are two uridine nucleotide-sensitive pyrimidinoceptors, designated P2Y4 
and P2Y6 (Abbracchio & Burnstock, 1994). P2Y4, which are more sensitive to UTP 
than UDP, are abundantly expressed in human placenta (Communi et al., 1996). P2Y6， 
which are highly UDP-selective, are largely expressed in spleen, thymus and placenta 
(Communi et al., 1996). To distinguish which receptor subtype is present in 
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endometrial cells, it requires further studies such as the rank order ofpotency and the 
sensitivity to pertussis toxin. It will become apparent when specific agonist and 
antagonist for these receptors are commercially available. 
Previous studies have demonstrated the P2Y2(P2u)-mediated activation ofCa^^-
dependent C1" channel by extracellular ATP in the mouse endometrial epithelial cells 
(Chan etal., 1997c). The presently demonstrated presence of pyrimidinoceptors has 
posted a question as to whether these receptors use a signaling pathway distinct from 
that used by P2Y2 (P2u) receptors. The couple ofP2Y6 receptor to Gq protein leading to 
activation ofphospholipase C and increase in intracellular Ca]+ has been proposed for 
C6 glioma cells (Communi et cd., 1996). However, Q protein was implicated in 
equine sweat gland cells since pyrimidinoceptor-activated C1' secretion was sensitive 
to pertusis toxin (Ko et al., 1997). The pyrimidinoceptor-activated C1' secretion was 
also found to be tightly coupled to the increase in [Ca^^]i as indicated by simultaneous 
measurement of/sc and intracellular Ca〗+ (Wilson etal., 1998). Similarly, the present 
study has suggested the involvement of Ca]+ in mediating the pyrimidinoceptor-
activated secretory response in mouse endometrial epithelial cells since the UDP-
activated Isc was abolished in the presence of a Ca〗+ chelator, BAPTA-AM. The 
similarities between the UDP-activated and ATP-activated Isc, i.e., the Isc current 
kinetics, biphasic nature, tend to suggest a similar signaling mechanism for the two 
distinct receptors. 
Although the presence of pyrimidinoceptors and their involvement in 
regulating C1" secretion have been demonstrated previously in the airway epithelial 
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cells (Lazarowaki et al‘, 1997) and equine sweat gland cells (Ko et al., 1997; Wilson 
et cd., 1998), the type of ion channels involved has not been elucidated. The present 
study has further characterized the pyrimidinoceptor-mediated UDP-activated 
conductance using the whole-cell patch-clamp technique. UDP-activated whole-cell 
current exhibits characteristics of delayed activation at depolarizing voltages and 
inactivation at hyperpolarizing voltages, respectively, with outwardly rectifying I-V 
relationship. The UDP-activated whole-cell current reversed at the equilibrium 
potential of C1" in the presence of a C1" gradient across the membrane indicating the 
activation of C1" conductance. In addition, the UDP-activated whole-cell current was 
blocked by Ca^^-dependent C1" channel blocker, DH)S, further suggesting the 
activation of Ca^^-mediating C1' channel by UDP. These characteristics are consistent 
with those exhibited by the Ca^^-dependent C1" channels in many epithelial cells 
including the airways (Cliff & Frizzell，1990; Chan et al.’ 1992) and epididymal 
epithelial cells (Huang et al., 1993). In addition to the similarity between the UDP and 
ATP-activated Isc, the UDP-activated whole-cell current also exhibits the same 
characteristics as that activated by ATP, which have been previously shown to be 
associated with Ca^^-activated C1" channels (Chan et al., 1997c). Taken together, our 
data suggest that distinct pyrimidinoceptors and P2Y2 (P2u) receptors converge on the 
same final effector, the Ca^^-activated C1" channels, to elicit secretory response in the 
mouse endometrial epithelial cells. 
Although the reason for the presence of two distinct receptors converged on 
the same Ca^^-dependent C1' channel in the same endometrial epithelial cell is not 
clear, it appears to be a general phenomenon observed in a variety of cells for P2Y 
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receptors to have a common signaling pathway (Ko et al., 1997; Lazarowski et al., 
1997). Our previous studies on the mouse endometrial cells have also demonstrated 
the convergence of multiple neurohormonal regulatory pathways on the same C1" 
conductance, i.e., activation of cAMP-dependent C1" channel, presumably cystic 
fibrosis transmembrane conductance regulator, by p-adrenoceptor and prostaglandin 
receptors (EP2/EP4) (Chan et al., 1997a; Fong et al., 1998 and section 3.1). These 
findings suggest that either cAMP-activated or Ca^^-activated C1" channels are 
important for mediating various neurohormonal responses in the mouse endometrium. 
It remains to be determined the physiological source of extracellular 
nucleotides. It is believed that ATP and UTP can be released from the damaged cells 
and exert their effect (Lazarowaki etal., 1997). However, the effect o fATP and UTP 
could be reduced since they are rapidly hydrolyzed by ecyonucleotidases, which occur 
widely in every cells. The presence of pyrimidinoceptors may then serve as the target 
for the degradation product ofUTP, i.e. UDP. Recently, mechanically induced release 
of uridine has been demonstrated, suggesting a possible physiological source of 
uridine (Lazarowski et al., 1997). Similar uridine release mechanism may be 
anticipated in the uterus during its contraction. On the other hand, sperm travelling 
through the uterus represents another possible source of nucleotides, particularly 
ATP. The fact that ATP highly cross-desensitizes pyrimidinoceptors, i.e., ATP greatly 
reduced subsequent Isc activated by UDP, suggests that ATP may be the 
physiological regulator ofboth P2Y2(P2u) and pyrimidinoceptors in the uterus. On the 
other hand, UDP show less cross-desensitization with P2Y2 (P2u) receptors, suggesting 
that UDP may selectively activates pyrimidinoceptors. Therefore, these distinct 
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receptors may act coherently or independently depending on the physiological 
availability of specific types of nucleotides. 
In summary, the present study has demonstrated the presence of 
pyrimidinoceptors in addition to P2Y2 (P2u) receptors in the mouse endometrial 
epithelial cells. The present study has also demonstrated for the first time the 
pyrimidinoceptor-mediated activation of Ca^^-dependent C1' channels. The results 
show that distinct receptors, P2Y2 (P2u) and pyrimidinoceptors, converge on a Ca?+-
dependent pathway leading to the activation of the same type of C1" channels. The 
present study suggests a role of endogenous endometrial pyrimidinoceptors and P2Y2 
(P2u) receptors in the regulation of uterine fluid environment. However, the 
physiological significance of the presence of distinct receptors coupled to the same 









(100 ^iM) (10|iM) 
Fig. 3.3.1 UDP- and ATP-induced hc responses. Representative hc recordings 
showing transient increase in Isc response to apical addition o f A ) UDP (100 ^M), 
and B) ATP (10 ^iM). Note that the appearance ofUDP- and ATP-induced Isc is very 
similar. The horizontal bar indicates zero Isc-
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Fig. 3.3.2 Dose-response curve demonstrating the dependence of /s(. on the 
apical UDP concentrations. The increase in transient peak /sr upon UDP stimulation 
is plotted against the logarithmic concentration of UDP Data for each point is 
obtained from at least 3 independent experiments. Values are mean 土 SEM. The EC50 
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Fig. 3.3.3 Effect of Ca〗+ chelator (BAPTA-AM) on the UDP response. Isc 
recordings of A) control and B) BAPTA-AM-pretreated cells. The epithelia were 
apically and basolaterally pretreated with 50 juM BAPTA-AM for 20 minutes before 
the addition ofUDP (100 |iM，n=3). Note that the Isc response to UDP is abolished 
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Fig. 3.3.5 Demonstration of the activation of distinct receptor subtypes using 
whole-cell patch-clamp technique. Whole-cell current recordings showing the 
sequential addition of A) UDP (100 |iM) and UDP (n=3), and B) UDP and ATP (10 
pM^ n=3) in the same patch-clamped cell. The tracings are the time-dependent change 
m whole-cell current elicited by a command voltage of 120 mV. Note that UDP and 
ATP sequentially activate whole-cell currents in the same patch-clamped cell further 
confirming the activation of distinct receptors. 
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Fig. 3.3.6 Characteristics of the UDP-evoked whole-cell current. Whole-cell 
current recordings A) prior to and B) after UDP (100 ^iM) stimulation. The whole-
cell currents were elicited by a series of command voltages which ran from 0 mV to 
potentials between -120 mV and 120 mV with 20 mV increment. C) Averaged I-V 
relationship curve of the UDP-induced whole-cell current at 220 ms (n=7). The UDP-
activated whole-cell current reverses at 22.7 士 2.9 mV. Note that the UDP-activated 
whole-cell current exhibits delayed activation and inactivation at depolarizing and 
hyperpolarizing voltages, respectively, with outward rectifying /-Frelationship. 
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Fig. 3.3.4 Cross-desensitization experiments demonstrating the presence of 
distinct receptor subtypes. Isc recordings showing the subsequent Isc response to A) 
UDP in the presence of ATP (n=5) and B) ATP in the UDP-pretreated cells (n=6). 
Note that ATP or UDP desensitizes its subsequent Isc response but not the Isc 
response to the other nucleotide indicating the activation ofdistinct receptor subtypes. 
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Fig. 3.3.7 Effect ofDEDS on the UDP-activated whole-cell current. Statistical 
results showing the peak current magnitude at 120 mV before, after UDP (100 ^M) 
stimulation and after DEDS (100 pM) inhibition. DEDS inhibits 99 士 0.2o/o of the 
UDP-stimulated whole-cell current. The high sensitivity of the UDP-evoked whole-
cell current to DH3S indicates the activation of Ca^^-dependent C1' channels. 
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Fig. 3.3.8 Characteristics of the ATP-stimulated whole-cell current. Whole-cell 
current recordings A) prior to and B) after ATP (100 ^iM) stimulation. C) Averaged 
/-Fplot of the ATP-activated whole-cell current. The reversal potential of the ATP-
induced whole-cell current is 26 士 1.1 mV (n=8). Note that the ATP-induced whole-
cell current is similar to that evoked by UDP (Fig. 6) suggesting the activation of the 
same Ca^^-activated C1" conductance. 
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4 General Discussion 
The endometrial epithelium plays an indispensable role in creating a suitable 
uterine microenvironment for sperm movement and capacitation, blastocyst 
development and implantation. It is believed that the uterine fluid functions to 
suspend, maintain and stimulate spermatozoa and the blastocyst during their transport 
process along the uterine lumen. Deviations from the normal compositions ofuterine 
fluid have been found to be responsible for the reduced rate of fertilization seen in 
women (Harper, 1994). 
The absorptive and secretory activities of the endometrial epithelium largely 
determine the formation of optimal uterine microenvironment. Previous studies using 
the short-circuit current technique have revealed several ion transporters which are 
involved in the absorptive and secretory processes of the mouse endometrial 
epithelium: a Na+-K+-ATPase, a Na+-K+-2Cr cotransporter and K+ channels in the 
basolateral membrane of the mouse endometrial epithelial cells (Fong et aL，1998b). 
In addition, amiloride-sensitive Na+ channels are present in the apical membrane ofthe 
epithelia (Chan et aL, 1997a; Matthews et al., 1992a; Matthews et al‘, 1993a; 
Matthews et aI‘, 1993b). Moreover, C1" and HCO3" exits are probably through apical 
anion channels. However, characterization of these ion channels and their involvement 
of these channels in neurohormonal regulation of ion transport across the endometrial 
epithelium have not been studied to any significant extend. 
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The endometrial epithelium is among the various epithelia expressing CFTR, 
which is itself a cAMP-dependent C1' channel. The expression of CFTR has been 
found tightly coupled to estrous cycle and influenced by estrogen and progesterone, 
suggesting an important role of CFTR in the normal uterine functions. However, the 
fiinctional role of CFTR in the endometrium has not been demonstrated in any 
species. Previous studies have indicated cAMP-dependent anion secretion across the 
endometrial epithelium. The present study is the first to provide evidence for the 
involvement of the cAMP-dependent C1" channels with electrophysiological properties 
identical to CFTR in mediating endometrial anion secretion. The important role of 
CFTR in the uterus can be revealed by the present finding that a number of 
neurohormonal stimuli, including adrenaline, PGE2 and PGF2a, are converged on 
CFTR. Previous studies have demonstrated the stimulation ofcAMP-dependent anion 
secretion by activation of p-adrenoceptors (Chan et cd., 1997a), which are the target 
ofboth neural (i.e. noradrenaline) and humoral (i.e. adrenaline) factors. On the other 
hand, prostaglandins are well known local regulators of a variety ofuterine functions 
(Fong & Chan，1998a; Sebkhi & Levin, 1990; Tabibzadeh et al., 1990). The fact that 
CFTR is involved in mediating the action of these regulatory factors indicates an 
important role of CFTR in neuronal, hormonal, endocrine as well as 
paracrine/autocrine regulatory mechanisms. 
The importance ofCFTR in endometrial function has also been emphasized by 
the presently demonstrated interaction between CFTR and ENaC in the endometrial 
epithelium. It is believed that CFTR itself does not only function as a cAMP-
dependent Cr channel, but rather, a regulator of other apical membrane conductance 
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pathways. A number of reports have shown that the activation of CFTR by cAMP 
inhibits ENaC and that defective CFTR leads to enhanced Na+ conductance. Thus, 
CFTR plays an important role in the downregulation ofENaC. Up to date, the study of 
the interplay between CFTR and ENaC is largely Umited to expression systems where 
CFTR and ENaC are exogenously introduced. The presently demonstrated endogenous-
coexpression ofboth CFTR and ENaC in mouse endometrial epithelial ceUs enabled us to 
investigate the possible interaction between CFTR and ENaC in a native tissue. The 
present study has demonstrated concurrent activation of anion secretion and inhibition of 
the amiloride-sensitive Na+ absorption upon forskoHn stimulation probably involving 
CFTR and ENaC. Since activation of CFTR has been demonstrated to inhibit ENaC in a 
number of expression systems ^r ie l et cd., 1998; Ismaibv et aL, 1996; Kunzeknann et al., 
1997; Mall et al.’ 1996; Stutts et al.’ 1995; Stutts et al, 1997)，this could be the 
underlying mechanism for the presently demonstrated forskoUn-induced inhibition ofNa+ 
absorption by the endometrial epitheHum. The involvement of CFTR and ENaC in the 
present study has been mostly based on electrophysiological (i.e. whole-ceU current 
profile) and pharmacological (i.e. sensitivity to channel blockers) characterizations. 
Although the presence of both CFTR and ENaC has been demonstrated by RT-PCR, 
definitive proof of the molecular entities involved in mediating the forskoHn-induced 
inhibition of Na+ absorption awaits sophisticated molecular biology techniques, such as 
antisense technique. 
In addition to the role of CFTR in regulating ENaC, the present study is the first to 
indicate the suppression of CFTR by enhanced ENaC expression. A reciprocal relationship 
between the level ofbasal amiloride-sensitive Na+ absorption and the level ofactivation of 
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CFTR was observed under various culture conditions. The inhibitory effect ofENaC on 
CFTR may occur at different levels. For instance, there might be reciprocal expression 
patterns between ENaC and CFTR such that enhanced expression of ENaC somehow 
suppresses the expression of CFTR. On the other hand, suppression ofCFTR may be due 
to changes in protein-protein interaction exerted by enhanced ENaC expression. Different 
subunits of ENaC may be differentiaUy expressed and the conformation of ENaC may 
change with elevated level of expression, resulting in changes in its interaction with CFTR, 
provided that ENaC is in close proximity to CFTR. The exact mechanism how enhanced 
ENaC expression affects CFTR function remains to be elucidated. Nevertheless, the 
presently demonstrated interaction between CFTR and ENaC may provide an explanation 
as to how the endometrial epithelium can switch from predominant Na+ absorption under 
basal condition to predominant anion secretion upon stimulation. The interaction between 
ENaC and CFTR may also provide a regulatory mechanism that the endometrium can be 
conditioned to be overaU absorptive by suppression ofCFTR-mediated anion secretion via 
enhancing ENaC expression in response to changes in hormonal levels. The interplay 
between CFTR and ENaC may in tum determine the delicate balance between C1" 
secretion and Na+ absorption, thereby creating an optimal uterine fluid environment for 
sperm motiHty, embryo implantation and development. Taken together, the present 
finding of CFTR in mediating neurohormonal-regulated endometrial anion secretion 
and interacting with ENaC may provide a physiological rationale for the reduced rate 
of fertility observed in CF women. However, the precise role of CFTR in various 
reproductive events remains to be elucidated. 
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In addition, the present study has demonstrated the presence of the UDP-
sensitive pyrimidinoceptors in addition to ATP-activated P2Y2 (P2u) purinoceptors in 
mouse endometrial epithelial cells. We have also demonstrated for the first time that 
the pyrimidinoceptors and P2Y2 (P2u) purinoceptors appear to converge on the same 
Ca2+-dependent C1' channels. It has been proposed that P2Y2 (P2u) couples to Q 
protein and activates the phospholipase C (PLC) pathway to induce increases in 
intracellular Ca〕+ leading to the cell response. However, the signaling pathway for 
pyrimidinoceptor remains largely unknown. The coupling of pyrimidinoceptor, P2Y6 
receptor, to Gq protein leading to the activation ofPLC and increase in intracellular 
Ca2+ has been proposed for C6 glioma cells (Communi et al., 1996b) while Gi protein 
was implicated in equine sweat gland cells since pyrimidinoceptor-activated C1" 
secretion was sensitive to pertussis toxin (Ko et al., 1997). Pertussis toxin (PTX) has 
been widely used as a reagent to characterize the involvement of different G proteins 
in signaling because it is able to ribosylate Gi protein at a site that prevents its 
activation by GTP. Gi protein is sensitive to PTX while Gq protein is resistant to the 
toxin and able to activate specific isoforms of PLC, resulting in an increase in 
intracellular Ca〕+. Therefore, while P2Y2 (P2u) and pyrimidinoceptors appear to 
converge on the same Ca^^-activated C1" channels in endometrial epithelial cells, their 
signaling pathways may involve either Gi and/or Gq protein pathways as illustrated in 
Fig. 4.1. It requires further tests for the sensitivities of the receptors to PTX and 
protein kinase C (PKC), and it will become apparent when specific agonists and 
antagonists for pyrimidinoceptor subtypes are available. On the other hand, if 
pyrimidinoceptors and P2Y2 (P2u) receptors indeed share the same G protein pathway, 
then the physiological significance of using the same pathway by distinct types of 
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receptors remains to be elucidated. It also remains to be determined the physiological 
source ofuridines which would be available for the uterus. 
It should be noted that UTP inhibition of amiloride-sensitive Na+ current has 
recently been demonstrated in the airways (Olivier et cd., 1996). It seems that the 
interaction between Cl' secretion and Na+ absorption is not only limited to CFTR and 
ENaC. The presently demonstrated activation of Ca^^-dependent C1' secretion through 
both UDP-sensitive pyrimidinoceptor and ATP-sensitive P2Y2 (P2u) receptors may be 
the potential pathways that interact with ENaC. 
In conclusion, the present study has demonstrated for the first time the 
presence ofCFTR in mediating a number of neurohormonal-regulated anion secretion 
in mouse endometrial epithelial cells. The convergence of several neurohormonal 
agents on CFTR suggests an important role of CFTR in uterine physiology. The 
present study has demonstrated the inhibition ofENaC by the activation ofCFTR and 
suppression of CFTR by enhanced ENaC expression in mouse endometrial epithelial 
cells. In addition, the present study has also demonstrated the convergence of 
pyrimidinoceptors and P2Y2 (P2u) receptors on the same Ca^^-dependent Cl" channels 
in mouse endometrial epithelial cells. A sketch of the endometrial receptors and ion 
channels is shown in Fig. 4.2. The interplay between receptors and ion channels as 
demonstrated in the present study may ultimately determine the balance between Na+ 
absorption and C1' secretion, thereby creating an optimal uterine microenvironment 
for sperm movement and capacitation, blastocyst development and implantation. It is 
hoped that the result of the present study may provide more understandings on the 
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regulatory mechanisms for electrolyte transport across the endometrial epithelium, 
and may eventually provide grounds for the development of contraceptives and new 
treatment for infertility. 
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Appendix A RNA Isolation 
Mix endometrial epithelial cells with TRKOL reagent (10^ cells per 1 ml) 
Homogenize 
• 
Incubate at room temperature for 5 minutes 
• 
Mix with 0.2 ml chloroform 
• 
Shake for 15 seconds 
• 
Centrifuge at 12,000 x g at 4 ^ C for 15 minutes 
• 
Transfer the upper aqueous layer to a fresh tube 
• 
Add 0.5 ml isopropanol 
畢 
Incubate at room temperature for 10 minutes • 
Centrifuge at 12,000 x g at 4 ^C for 10 minutes 
• 
Discard the supernatant 
• 
Wash with 1 ml 70% cold ethanol and vortex 
• 
Centrifuge at 7,500 x g for at 4 ^ C 5 minutes 
• 
Air-dry for 5-10 minutes 
• 
Dissolve in 20 ^1 DEPC-treated H^O 
• 
RNA gel electrophoresis 
• 
^ x - ^ ^ A ^ s ^ Ye! Il 
^ d e g r a d a t i o n ^ > - ^ n l Discard 
4 ^ 0 
RT-PCR 
140 
Appendix B Reverse-Transcription 
5 ^g RNA + 0.5 ^ig Oligo dT (0.5 ^g/^l) 
畢 
make up to 12 ^il with DEPC-I^O 
• 
Mix and spin down 
• 
Incubate at 70 o C for 10 minutes 
畢 
Licubate in ice for another 10 minutes 
• 
Mix up with: 2 j i l 10 X PCR buffer 
2^il 25mMMg2Cl2 
2[il lOOmMDTT 
1 ^1 lOmMdNTP 
• 
Mix and spin down 
• 
Incubate at 42 ^C for 5 minutes 
畢 
Mix with 1 ^ 1 Superscript I I 
• 
Incubate at 42 ^C for 50 minutes 
& 70 oc for another 15 minutes 
• 
Incubate with 1 ^ 1 RNAase H at 37^C for 20 minutes 
• 
Store at -20 ^C until mnning PCR 
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Appendix C Polymerase Chain Reaction 
Components Concentration Volume (^1) 
lOxPCRbufFer f ^ W ~ 
10 mM dNTP nuxture 0.2mM 2 
5OmMMgCl2 1.5mM 3 
10 ^iM primers (sense and antisense) 0.5 ^ M 5 
Fu*st strand cDNA template (from RT) - 2 
Taq DNA polymerase (5 U/^1) 2.5U ^ 
Add up to 100 ^1 with autoclaved, distilled water 
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